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SUMMARY

The wuse of uncoupled, six-degree-cf-freedom '(6-~DOF) motion
i3 rapidly becoming state-of-the~art in terms of necessary flight
control laws and aerodynamic capabilicy. The next generation of
aircraft may use uncoupled, €-DOF control capability in conjunc-
tion with other new technologies such as Integrated Flight-Fire
Control (IFFC). In order for these future applications of ©6-DCF
control to be successful, the pilot must be able to command

“motion and acceleration magnitudes with sufficiently good system

response characteristics to accomplish particular missicns or

tasksn

The objective of this effort was to develop design criteria
and gather appropriate substantiating  data for cockpit control
devices. for 6-~DOF motion which will assure compatibility among
the pilct, control device(s) and aircraft response and will thus '
allow efficient: implementation of the 6-DOF control capability.
The effort was divided into two phases. Phase I consisted of"

‘defining existing data en the design of cockpit controllers for

6-DOF motion. The application'of 6-~DOF raircraft motion to air-
craft mission reguirements was examined. A set of tentative
criteria was formulated and test plans developed to gather data
necessary to validate and expand the tentative criteria. Follow-.

.ing Air Force approval, a simulation was conducted using the

motion~based simulator at Wright-Patterson Air Force Base. The
results of the simulation were combined with the results of’ the
literature survey to form a set of design guidelines.

Volume I of this report presénts the results of the litera-
ture survey, summarizes tnhe simulation effort and presents the
design criteria. Volume Il is a detailed discussion of the simu-
lation and analysis of the data. The appendices are also
included in Volume 'II. ‘ :

xiv




SECTION 1
INTRCDUCTION

The use of uncoUpledJ six-degree-of-freedom (6-DOF) motion
is rapidly becorir~ state-of-the-art ir te.ms of necessary flight
control laws and aerodynam;c capability, as demonstrated on such
aircraft as. NC-131 TIFS (total in-flight' simulator) and the YF-16
CCV  (control configured vehicle). The Fiight Dynamics Labora-
tory's AFTI/F-16, (Advanced Fighter Technology Integration) will
apply 6-DOF motion .tc specific tasks (ground attack, refueling,
crosswind landing, etc.) and the next generation of USAF aircraft

'may use the 6-DOF control capability in conjuhction with other

new technologies such as Integrated Flight-Fire Control (IFFC).

"In order for these future applications of 6-DOF control' to be

successful, the pilot must be able to command motion and accelera-
tion magnitudes with good system response characteristics to
accomplish particular missions or tasks. . He does this by
manipulation of some control device (stick, rudder pedals, etc.),
possibly in conjunction with an automatic control mode.

The objective of this effort is to develop design criteria
and gather appropriate substantiating data for cockpit control
Jevices for 6-DOF motion. These criteria will be in a £form
compatible with the proposed MIL STANDARD and HANDBOOK - Flying
Qualities of Air Vehicles., The ‘intent is to establish general
trends for specification of controller characteristics, rather

‘than optimize a specific design. The criteria will help to

assure compatibility among ‘the pilot, control device(s) and
aircraft response and will thus allow efficient implementation of
the 6-DOF control capability. The results will apply over the
range of .aircraft classes and tasks where uncoupled, 6-DOF motion
is of benefit.

The effort was divided into two' phases., Phase I consisted
of -defining existing data on the ‘design of cockpit controllers

" for 6-DOF motion &nd on , the application of 6-DOF motion to air-

~craft mission requirements. This review covered all classes of

aircraft except: helicopters and V/STOL. aircraftt. Based on these
past experiences, design guidelines and tentative criteria were
developed for a number of controllers identified as potentially
applicable. In addition, recommendations, for controller design,

_6-DOF mechanization  and potential evaluation tasks were col-~

lected. Attention was also- given to the areas of pilot workload
reduction and dxsplay requxrements.

The xnformatxon collected durxng Phase, I was very xnterest-
ing ‘and potentlally useful  in planning further research. How-
aver, attempts to develop tentative criteria based on a’ revxew of
the available literature were hampered by the myriad of different
controllers used in these studies.. Often in these ‘studies . the
controller characteristics were not ‘described in any detail since .,
the experiments were .aimed at proving viability of uncoupled

1
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control rather than desirability of the controller. Also, con-
tinued references toc the inadequacy of controllers in the various
references indicate that '@ satisfactory method has not been
found.

For these reasons, a Phase II simulation effort was planned
to collect data wpecifically on the effects of controller varia-
tions. While Phase' I had covered all classes of airplanes, the
simulated configurations concentrated chn. fighter alrcraft
response characteristics and tasks. This aircraft type covered
the largest range of potential application of 6-DOF control. The

evaluation tasks 1included air-to-ground weapon delivery, STOL

fighter approach and landing, and air-to-air tracking.

The simulation was conducted on the Large‘ Armplitude Multi-
mode ierospace Research Simulator (LAMARS) at Wright-Patterson
AFB, Dayton, Ohio. LAMARS is a beam-type, motlion-base simulator.
A simplified low order simulation method developed by McDonnell

Alrcraft Company was used to model aircraft conventional and
uncoupled responses. ' -

1. DEFINITIONS OF MOLCES OF MOTION - Some explanations and defini-
tions of uncoupled, 6-~DOF aircraft motions are appropriate:

Mode, as used herein, defines the type of aircraft response
to a commanded input by the pilot. Most of the modes discussed
here have -been examined in ground-based or inflight simulations.

Conventional aircraft control is achieved by controlling the
moments about three axes (roll, pitch and yaw) and the force
along the body axis (thrust/drag modulation). Motion in the two
remaining axes 1s achieved by wusing the airframe response to
moments’ controllable by the pilot, such as bank-to-turn, lift due
to angle of attack, and side-force due to sideslip. Control
implementation schemes have been developed to allow control of
forces in the wvertical K and lateral axes. These additional
degrees of freedom provide several new control modes. These
added modes are identified by the parameter(s) held constant.

a. 'Longitudinal Modes -

o0 ‘Vertical éath ‘céntrol - Normal - load factor ‘(vertical
acceleration control) at consta=t angle ot attack. - ‘

o Vertical translation - Vertical acceleration/velocity con-'
trol at constant attitude, :

o Fuselage elevation aiming - Fuselage angle -~ f attack con-
trol at constant load factor.

¢ Drag modulation - Velocity control at a constant thrust

setting. . S . X . —
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Maneuver enhancement -~ Blending of convantional and
either vertical path control or vertical translation to
provide quicker response and/or improved ride Jquality.

Egteral Modes -

Lateral translation - Lateral acceleratioh/velocity con-
trol without yaw rotation or roll motion (i.e.;, constant
heading). .

Wings level turn - Heading control with no sideslip or,

roll attitude motion.

Fuselage azimuth éiminq ~- Azimuth angle control with no

lateral locad factor.

. 1,__;_,7,;:,”“‘7”;" . o . . S o T S X v L N T




_ SECTION II
LITERATUKE SURVEY

A review of the literature pertinent to control devices and
uncoupled aircraft motion was conducted during the latter part of
1981. Attempts were made. . to examine all information available at
that time. Over 100 reports and papers were reviewed during this
period. Additional reports not directly covered in the litera-
ture review are 1listed in the bibliography. This section dis-
cusses the areas covered by the review and comments on the
findings.

The results of this survey can be broken. into two distinct
areas - basic cconsiderations of controller design and operational

development' and/or test of aircraft having uncoupled motion capa-
bility.

1. BASICS 'OF' CONTROLLER DESIGN - Seven basic considerations and

principles of aircraft controller designs are:

o Force-displacement characteristﬁcs -~ The amount of
displacement for ‘a given . force, (e.g., nonlinear grad-
ients, breakout forces;,; force limits).

0 Force feedback and trim cuing =-- Control system and sur-
face forces reflected at the controiler, (e.g., parallel
vs series trim systems, stick shakers, motion stops).

o0 Controller input ,- aircraft response charatteristics --
The amount of aircraft response (i.e., pitch rate,. normal
acceleration, etc.) for ‘a given input to the controller
by the pilot (i.e., force or deflection). '

o Harmonization «- The relative force-displacgmént charac-
teristics between control axes, - {e.g., lateral versus
longitudinal stick force leéevels). . ‘

o Motion coupling and disturbance =-- Aircraft meotions which
inertially couple into control axes or interfere with the
pilots "manipulation, (e.g.y bobweight effects producing
control cues and commands). ' '

o - Controller/display relationship. =-- The relationship
betwean controller actions and display response, .{e.g.,
controller logic versus '~ outside-in . or inside-out
display). ' - '

o . Static anthropometric controller characteristics -~ The
physical ~size and- location ot the manipulator with
respect to the 'pilot, (e,g., -circumference of the.
coq;rolle{ compared with the pilot's hand .size). ’ ,

~
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This study will produée requirements for the Military Stan-
dard, Flying Qualities of Air Vehicles. . Therefore, the last
category above will not be of prime importance.

The remaining considerations can be sub-divided into three
general categories. The first category is the concern of proprio-
ceptive feedback of information tc the pilots. This tells him
about the consequence of his controller actions, how these affect
the state of the vehicle, and the relative magnitude of these
actions with respect to controller thresholds and limits. The
second category involves the pilot's bicmechanical coupling to
the controller. This effectively sets the bandwidth of the
pilot's responses and also provides pathways for inertial motions
to feedback into the control system. The third general category.
involves the discrimination between different controller axes.
This includes the differentiation required between controller
actions in the different axes. Thus, the .pilot can make desired
controller responses in a <chosen control axis and minimize
inadvertent cross-coupling ccntrol into other axes. The rela-
tionship between control responses and various visual motion
feed?acks is also part of the third category. '

The following section will review literature that relates to
the above controller considerations. The fixed-base tracking
literature will be discussed to give some feeling for propriocep-

tive feedback and discrimination considerations in controller

design. Subsequent sections will treat biomechanical aspects of
actual motion, including feel characteristics and motion feed-
through to the controller. We will discuss sources of distur-
bances .to the pilot's ‘controller manipulation process' and will
review the modern fly-by-wire sidestick configuration whose
design departs from the traditicnal hydromechanical control
systems. Finally, general pilot models will be reviewed that are
useful for setting up measurement algorithms for the Phase 1II
simulation. . . . : '

2. - FIXED-BASE TRACKING LITERATURE ~ Research 'on cohtrolier

characteristics dates back to World War 1II. Early work by

- Jenkins (Refs., 1-3) for the Army Air Force Air Material Command
- concerns the accuracy of pilots in agplying pressure on hand
controllers and rudder pc¢dals. - Some reinterpretation of Jenkins'
data shows. that the pilot's accuracy in applying desired pres-
.'sures to controllers can be described by the following formula:

Standard Deviation (Accuracy) = +.25 1lbs * 5% of reduired force

©*n modern terms, tuhe data could probably be reinterpreted in
terms of the remnant or motor noise exhibited by the human
operator in performing manual' control tasks. Much of the fixed-
‘base tracking literature has been organized into bibliographies
and. the early bibliography by Andreas (Ref, 4) categorizes litera-
ture up through 1953. A later bibliography by Muckler (Ref. 5)
includes seme interpretation’ of %the literature. ©One comment by
" Muckler is somewhat typical of a large part  of -the available

5§




tracking literature; "The majority of the studies are isoclated
empirical demonstrations of the particular pheénomena which point
to a possibly critical area, yet fail to rvrovide the kind of
detailed research data that 'is necessary for control system
de51gn. ’

Although' design guidance for spec1f1c operatlonal configura-
tions is often not available, some basic principles have evolved
from the tracking literature. Generally, tracking performance
improves with increasing stiffness in the control forces. Track-
ing performance generally <degrades when the dynamics of the con-
trol task become more complicated, however. Controller character-
istics can contribute complication, so for example, pzrformance

degrades when excessive controller damping and inertia character-

istics act to limit ‘the bandwidth of the pilot's control actions.

Regardlng control display relationships, Bernotat (Ref. 6)
_reports a rather innovative experiment as illustrated ‘in

Figure 1. Bernotat employed three different display formats

which gave the operator varying amounts of information as to. the

angle of display response given a specific controller response.

Display Format (a) was a pure compensatory display without any"

additional indication of rotation angle. Subjects were verbally
informed about the display rotation angle relative to the control

"action before the test run started. Display (b) was similar to
(a) but with an overlaid coordinate system which indicated the-

relative display control angle. In the third or Display (c) for-
mat, no direct information was given about the relative rotation
angle between a display movement and controller action. However,
a target symbol included an additional vector, the direction and
magnitude of which ‘informed the operator about the direction of
display motion he was commanding with a given set of controller
actions. The controlled element in Bernotat's task was a pure
integrator with an additional time 1lag. Random noise was fed
into the control system parallel with the 'stick signal and had an
upper bandwidth of 1 cycle/sec.

. 'Results in ‘terms ofmvdisplayed _error are. illustrAted
Figure 2 for the' Ref. 6 experiment. For the conventlonal

4

compensatory display (a), the results were best for either the
direct display mode, i.e., 0 and 360 deg display rotations or the -

180 deg display rotation implying a negative  gain between the
controller and display.’ Display orientations other ' than these
values were decidedly worse in achieved performance levels. . On
the average, thé second display format (b) gave similar results.
However, the ‘large maximum error . excursions over 'the rotation
range of 90-27C deg would indic.ce that there were probably
occasional control reversals in that region. The third display
conditions (c) gave uniformly good performance irrespective of

‘the rotation angle of the display motion relative to controller

action. . These results indicate that -for relatively simple
display formats, the display motions should be directly 'related

to controller actions. More sophisticated display formats may .

permit somewhat & arbitrary relationships between a display and
controller actions. - I ' : ' '
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Figure 1. Setup and Display Configurations for Reference 6 Experiment

More recently Merhav and Ya'“cov {(Ref. 7) have demonstrated
a principle of controller characteristics related to the proprio=-
ceptive feedback provided by controller actions- This approach
based on earlier work by Herzog (Ref, 8) involves torque feed~
" backs to the controller based on the controlled element dynamics
such that the control dynamics appear to be a zero order system.
This amounts to a control task giving the same. kinesthetic cues
as would be involved in the direct handlxn{of obgects..' This
appcoach has shown that kinesthetic “information paths in manual
control play an important role in workload reductxon, particu-
larly in the case of high order or unstable plants.
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At Systems Technology, Inc. (STI) a series of autcrobila

driver performance studies over the past few vyears has alco
" tended to highlight the importance of kinesthetic cues in achiev-

ing improved manual control behavior (Ref 9). Several stndies
have heen performed in a fixed-base dr1v1ng simulator and also a
comparable experiment was conducted in an instrumented car on a
closed couvrse test track. Random disturbances were injected into
the driver's steering task loop and driver describing function
measures were obtained. In Figure 3, we compare driver steering
response model parameters for the three fixed-base simulator
studies and one in-vehicle study. The STI fixed-base driving
simulator has a torque feel system which allows steering torques
to be accurately represented to the driver. 1In the three fixed-
base simulator studies the torques at the steering wheel felt by
the driver were generated in various ways. One was a simple
spring restraint that was strictly proportional to wheel angle.

" Another was a power steering feel simnlation where small perturba-

tions around zero were due to the dynamic torques generated by
slip .angle of the front wheel. Power steering boosts produced
most of the feel for larger slip angles. In the third study.

strictly manual feel forces were represented due to the restoring

torque  characteristics modified by any boost system. In the
instrumented car field test the vehicle had a power steering
system. However, motion cues were present in this case compared
with the fixed-base simulator tests. In Figure 3, note that as
the dynamic kinesthetic feel feedback is increased from the pure
spring restraint to the manual steering system, the driver's
effective time delay in the steering regulation task drops
dramatically, and under the manual steering condition is almost
equivalent to the time delays measured in the field test with an
instrumented vehicle. Note also that the driver's correspondlng K
crossover frequency increases ‘consistent with decreases in time
delay. 1In the fi2ld test the driver has a considerably increpsed
crossover frequency probably due to the very tight constrajints

placed on the test course which included cones on each side of

the roadway. The equivalent constraint was not present in| the
simulator study. :

The above research studies show that the feédbach of dynawic

control information through the‘ kinesthetic senses <can |have

rather dramatic effects on human operator performance. The prin-

_ cxple of kinesthetic feedback or:cuing is interesting in light of
- the "current. trend to fly-by-wire sticks which can elimijnate -
dynamic feedback to the pilot through the controller. This i an

area that definitely deserves further study in terms of opera-
tlonal aircraft pllotlng tasks.’

3. PILOT~CONTROLLER' COUPL;NG - Early work by Magdaleno |and
McRuer (Refs. 10 and 11) laid the basic foundations for under-~

. standing the couplihg between the  human operator and contrdller

characteristics, ‘In Ref. 10, three. manipulators were compared;
these’ were a pressure manipulator, a free-mov1ng manlpulator and
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a spring restrained manipulator. The kinesthetic feedback there-

fore consisted of all force, all position, and a blend of these,

respectively. The effects on system performance and the human

operator's describing function were obtained for three different

sets of controlled element dynamics and two different forcing

function bandwidths. It was generally found that. the effective

time delay of the human operator was lcwest for the pressure or

isometric manipulator. Performance was also best with the pres-

sure manipulator, followed by the spring restrained manipulator,
while the free-moving manipulator gave the poorest performance.

In Ref. 11, models were developed to explain the controller
loading effects on the pilot's describing functions. The models
in describing function measurements were analyzed to provide addi-
tional insight into the relative importance of kinesthetic cues
of limb position and limb force in actuating the manipulator. It
was found that the pilot generallv uses good position feedback as
a kinesthetic cue. Also it was found that when the inertia of
the controller becomes a significart portion of the inertia of
the total limb controller system, there are large performance
degradations. In Ref. 12, Magdaleno and McRuer further explored
the details of the neuromuscular system'. This research provides
direct describing function data for the coupled muscle manipula-
tor actuation system. Data were obtained .both for hand con-
trollers and rudder pedals. The basic elements of the neuromuscu-
lar system involved in controller actuation are described for
actual' tracking situations using both 1isometric -and - isotonic
maniprlators. Isometric (or force controllers) are shown to give
a higher actuation bandwidth because of the relatively rapid
kinesthetic - feedback allowed by the muscle spindles and golgi
tendon orgars. For isotonic (or free-moving)} manipulators the
ractuation bandwidth was found to be much lower due primarily to
the kinesthetic feedkback of joint position which appears to have
a significant time delay on the order of 0.09 seconds.

The basic model - for the 1limb controller ‘actuation system
given in Ref.. 12 is shown in Figure .4. 'Here we see a feedforward
path representing the dynamics of the goupled muscle/manipulator
system with feedbacks for both limb force and joint position.
for isometric manipulators, the spindle feedback block operates
essentially as a force feedback element with a higt 'ain applied
to the relatively small changes in manipulator p.sition. For
compliant controllers with large positional changes, the joint

" sensor feedback would play the primary -vole in determining the

limb manipulator coupled dynamics. The dynamics for the feed-.
forward muscle manipulator block can be illustrated with the mobi-
lity diagram as shown in Figure 5. Here we see that the muscle
manipulator dynamics are derived primarily from mass of the limb,
the controller compliance and damping due to the muscle, and com=~
pliance in the -controller itself. Additionally, some compliance
in attaching the muscle to the limb and some compliance at the
pilot's grip with thé controller also exist. This model can also
be used to add additional forces as shown on the right side of
‘Figure 5. i o ' ' ‘ : : ‘ :

11
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The above detailed modeling work helps explain many of the
tracking performance changes due. to changing the loading proper-

" ties and constraints of manipulators. For example, 1t poten-

tially explains the superiority of pressure sticks over more
compliant controllers. This modeling approach also allows us to
describe what happens when inertial- motions interfere with the
pilots manlpulatlon task. These effects are discussed. in the
article below. ’ ‘

4, EFFECTS OF MOTION FEEDTHROUGH AND DISTURBANCE - The majority
of tracking research 1s done under fixed-base conditions where
the human operator is free to perform without the potentially
disturbing effects of motion. The basic processes by which vibra-
tion influences manual control system performance. were investi-
gated in Ref. 13. This study investigated the influence of verti-
cal, lateral, and fore and aft sinusoidal vibration on manual. con-
trol performance. Both describing functions and remnant measures
were obtained in order to provide a thorough control systems
analysis of the situation. As part of the study, body. motions
and controller response measurements were used. Biomechanical
models were postulated to explain how vibration contributes to
"control feedthrough." There were two primary effects of vibra-
tion on the. human operator's describing function. First, the
control motions were found to be dominated by the vibration in
many cases. A large component of the .controller output was
directly correlated with the vibration. Second, the human opera-
tor's remnant or noise component (controller actions uncorrelated
with either the tracking task input or motion environment)
increased significantly under vibration conditions. The combina-
tion of the motioun-correlated and disturbance components of the
pilot's controller actions then caused large deteriorations in
general tracking performance in the vibration environment.

In Ref. 13, a general process for the feedthrbugh of the
moticn ‘environment into. the control task was 'developed as illus-

"strated in Figure 6. In this process, the: human operator and con-

troller are assumed to be mounted on the same structural platform
which is driven by the motion environment.” At low frequencies of
less than 1/10 Hz, the operator and controller move in unison
with the plat‘orm with no relative. control motion. However, as
frequency increases, the dynamzc response’ properties or transmis-~
sibility of the human operator's body cause it to move at differ-

- ent amplitude and phase from the platform. The human "operator's
torso then undergoes differential motion with respect to the

platform. . Because the limb is attached to the ﬁoving torso, the
torso motions are coupled through the 1limbs to the controller
dynamics. This coupling induces vibration "“feedthrough" to the
human operator's controller actions.‘ ' .

Vibration feedthrough can also be caused by inertial forces
that act directly on the mass of the arm and ccntrol stick. This

situation arises 1im ‘operational ' aircraft control situations.

This "bobweight etfect” wiil be discussed later. The coupling of
the body transmissibility ‘model ‘to the. dynamics of ‘the limb-

13
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control stick system result in the Fig. © model. Details of a
biomechanical model for a givean vibration axis and controller
configuration can differ greatly. however. This project providesz
an opportunity to set up some simplified biomechanical configura-
ticns in which to analyze the results of various controller
axis-task configurations. '

Jex and Magdaleno (rRef. 14) have carried through a trather
detailed biomechanical model for a semi-supine pilot operating a
fore and aft moving contrcller. The basic configuration of this
model is shown in Figure 7. Analysis has shown that this model
can adeguately describe .measured vibration feedthrough to . the
hands and contrcller when the model is 1linearized about the
appropriate configuration ‘of display posture . and controller.
Some preliminary analysis is also described in Ref. 14 . which
relates to armrest effects which are typical of current sidestick
controller’ configurations. Analysis in -Ref. 13 also shows that
fairly simple transfer functions <c¢an be used to ‘explain the
feedthrough effects for what iay appear fron Figure 7 to be a
quite complicated biomechanical model.

5. TRADITIONAL -CCNTROLLER FEEL CHARACTERISTICS - Traditional
mechanical electro-hydraulic feel systems 1n aircraft provide
appreciable coupling with the pilct. The characteristics built
into these "feel systens" are decsigned to provide significant
kinesthetic feedback to the vilot to aid in his control task per-
formance. Occasionally control problems are alsq introduced, how-
ever, because of the complexity of these feel systems. The, first
complete dynamic systems analysis of artificial feel systems was
provided in Ref. 15. This Teport covered various artificial feel
devices and components and pro-ided design procedures and design
criteria for ‘including ‘these elements in artificial feel system
designs. L ‘

In. a subsequent .article, 'Potocki (Ref. '16) discusses the
characteristics of aircraft feel systems from the pilot's point
of view. In this article, he.givés a good qualitative discussion
of the various. effects of feel system characteristics such as
breakout, backlash, valve damping, etc. Potocki also introduces
“the 'concept of synthetic feel or stick steering systems wherein
the servo sgystem responds to an electronic signal from the stick
and physical ‘movement of the aerodynamic surface is fed back
through a linkage to the pilot's controller. ' :

In a later paper, Glenn (Ref. 17) discusses the functional
characteristics .ot 'manual tlight control systems. This paper
reviews such factors as backlash, minimum increment. of control,
position lag, surtace velocity limits, etc. Each ot the detailed
functional characteristics of typical ‘manual control systems are
discussed ' and the complex inter-relationships among them are
considered,; Some pittalls and problems to be avoided in design
synthesis are included. - SR '
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Over the years a variety of stability problems have arisen
with mechanical flight control system elements. McRuer and
Johnston (Ref. 18) reviewed these various linear and nonlinear
control system characteristics which can lead to stability prob-
lems. 1In terms of linear characteristics the problems associated
with large 1inertia (heavy bobweights) and 1low feel spring
gradients lead tu control system lags and thus reduced damping in
the mechanical control system.. The effects of friction and- back-
lash which are often  troublesome nonlinearities are also
discussed in some detail. ' T

Many of the stability problems associated with mechanical
feel systems can be avoided by fly-by-wire systems, and, 'in fact,
this is one rationale for going to fly~by-wire systems. This
matter is discussed further in the following article. '

6. SIDESTICKS AND FLY-BY-WIRE SYSTEMS - In modern aircraft
design there is a strong tendency at the design stage to go with
fly-by-wire systems and also with sidestick controllers. Bumby
(Ref. 19) analyzed fly-by-wire systems coupled with the control

configured vehicle concept and shows that potential weight reduc-

tions are possible. Some of the advantage derives from neutral
vehicle stability design which is allowed by  the inherent SAS
function of fly-by-wire flight control systems. In describing
the F-16 system, Livingston (Ref. 20) claims further advantages
of fly-by-wire systems. These include reduced weight and volume,
increased system survivablllty_ due to redundancy and other

factors, and improved maintainability. These characteristics com=-"

bine to make fly-by-wire systems. very attractive to the designer
and can lead to additional benefits in controller design such as
side-mounted st1ck$.

Side-mounted sticks received early enthusiastic support by

test pilots. In one report (Ref. 21); an -experimental sidestick:

installation in an F-104D was discussed. Aircraft control with
the sidestick was described to be positive and somewhat more pre-.

‘cise than the standard centerstick. - The . -sidestick allowed the
achievement of equal or superior tra]ectory control in various
- maneuvers with a drastic reduction in ' pilot workload. The

handling qualities of the sidestick, especially its lighter force
gradient, proved it to be superior to centerstick control. The
experimental installation also never experienced any component
failures and had a perfect reliability record.” The sidestick led
to improved comfort and body stability. Finally, the sidestick
installation would ‘allow for .a‘- significant increase in forward
cockpit console area which could be used for weapon ewitches and
communications navigation displays. More space was' made avail=-
able on the front console than was lost’ on the right side
console. : ' : :

Reference 21 gives  some specific human factors ‘guidelines
for the anthropometric  arrangement of the control -axes and

"neutral stick position. Also, .specific gquidance is given . for

stick-mounted switches. The switches must be one' inch or less
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above the forefinger. It is also recommended that the pilot be
able 'to. 'sense physical movement in order to know when the switch
is being activat 3. Furthermore, it is suggested that the actua-
tion forces for 1e switch be at least 50 percent below the break-
out forces of th: main hand controller in order to avoid spurious
inputs to the control stick. The experimental sidestick installa-
tion in Ref., 21 allowed for a damping-to-stick motion which was
variable. .Apparently, this feature was perceived to be useful to
control the dynawmic response of the. controller and vet not affect
the steady state stick forces. A majority of the pilots in the
Ref. 21 study reported a major decrease in pilot workload when

‘using the sidestick as opposed to' the centerstick. It was con-

cluded that pilots preferred the sidestick to the centerstick.

Klein and Hollister (Ref. 22) describe an F-16 CCV experi-
ment involving a fixed-base simulation. An isometric F-1%5 side-
stick was used with an isometric thumbstick to control the CCV
direct force modes. A landing task was simulated, and novel
display formats were tested that would show the direction and
magnitude of tha wvehicles 1inertial acceleration (similar to
Bernotat's disrclay format (c) in Ref. 6). It was found that the
direct force CCV mode allowed a 30 'to 40 percent improvement in
approach tracking ability in the face. of wind gusts. With the
addition of the new display ccncept an additional improvement of
10 to 15 percent was realized. This résult shows, the importance
of considering the interaction of display format with CCV modes.

-From the experience gained in this study it was also felt that

thumb control 'of the direct force modes allowed. better control of
the magnitude of the CCV input than of the appropriate direction
of control. The 1inability to control the direction of inputs
would presumably lead to cross axis control. The utility of the
novel display format was felt to be due to thc¢ indication of the
CCV input direction which was provided as a displayed feedback to
the pilot. Reference 22 appears to be the first study which has
focused some detailed attention to the coordination between the:
thumb’ control switch and the hand controller. ' The effects

_described. could be easily assessed with describing -function

measurements in the ‘verious control axes in combination with suit-~

,ably designed command and disturbance forcing function inputs.

Sidestick spring gradients and control sensitivity are an
important issue.. Myers, et al, (Ref. 23) have compared the sensi-
tivity characteristics' of various sidestick' controller applica-
tions' including the Space Shuttle Orbiter, the F-16 fighter and
the Calspan NT-33 experimental sidestick installation. The con-
troller sensitivity characteristics are compared and summarized
in Fig. 8 on the basis of torque applied to the sidestick hand-
grip for the roll control axis. . In the top half of Figure 8,
note that both the Space Shuttle and F-16 require higher torques

- for a given roll rate response than the various gain conditions-

tested in the NT-33. The lower vehicle response sensitivity for -

“these two vehicles probably represents concern for minimizing . the

possibility of over-control. . In the lower half of Figure 8, the
force-deflection characteristics of the yarious'_'controller
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installations are illustrated. Note that the F-l16 represents a
very stiff stick even in the current “moveable"
that was developed after 1initial flight  tests

tendency. Pilot opinion ratings for the NT-33 test showed that

configuration
showed a PIO

ratings improved as some deflection is allowed in the sidestick.

The Space Shuttle deflection characteristic is much larger as
noted in the bottom of Figure 8. Also noted in the bottom of
Figure 8 are the force-deflection characteristics of the F-104D
installation described in Ref. 12.. The roll rate response for
these deflection .characteristics was not given in Ref., 21 so it
is not noted in Figure 8. We can see that the force-deflection
characteristics in Figure 8 span a wide range. A factor of
almost 60 to 1 exists between the F-16 characterlstlcs, which are

«still con51dered too "stiff, to the orbiter and F-104D characteris-.
- tics which are considered by Staten to be too flexible.

There are two inferences to be drawn from the bottom half of
Figure 8. ' One 1is that the force~deflectiom characteristics
probably have a very broad ranae of acceptable characteristics.
Also, further research is required over a broad range in order to’
better define the appropriate force-deflection characteristics
for a sidestick installation. Future .research must consider the
effect of inertial forces acting directly on the mass of the arm
and control stick. Additionally, the effect of using additional -
controllers mounted cn the sidestick, such as a thumb isometric
for controlling CCV modes, must be investigated. These devices

may require some compromise in the ba51c controller. force-deflec-
tion characteristics.

7. MODELING AND ANALYSIS - Structural and parametric models for
CCV moce control 1n various task situations will be very useful’
in the definition and mechanization of simulation task inputs and
measurements and in the analysis of the subsequent results. A
basic review of general pilot models is given by McRuer and
Krendel ir Ref. 24. Included are detailed structural models for

‘the pilot, including remnant effects and general treatment of

multi-loop ‘'manual . control' systems. As. discussed previously,
models for limb manipulator interaction are given in Refs. 10 and,
12, and biomechanical models which allow for the direct control’

influence of motion environment on controller actions are given

in Refs. 13 and 14.

Jex, et al, (Ref.,25) describe models for the human operator
in a motion environment that will be of direct importance'in the
motion-base simulation to be carried out on the second phase of
this project. The models in Ref. 25 account for the influence of
translational acceleration and angular rate. Results indicated
that rotary motion cues are used primarily ir the role of stabil-
ity augmentors, i.e., as rate dampers, and that lateral specific
force cues below 1/10 g are ignored or have small effects. From
the simulator fidelity point of view, some results indicate that
grossly spurious motion distortions due to washout filter
dvnamics were rated worse than no motion at all. Optimum combina-
tions of attentuating .and first order’ washsut filtering were:
Lound for the roll motion drive logic. - Also, an adaptive non-
linear logic was developed and validated for sway drive logic.
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Hoh, et al (Ref. 26) provide a rather comprehensive analysis
of handling quality criteria for CCV aircraft control. It was
found that the unconventional response mode controller requires
additional manipulators to be controlled. Therefore, .1t 'can
generally be criticized as offering slower response and lower
authority in addition to increased workload. One exception is
the flat turn mode in a dive bombing task. The maneuver enhance-
ment mode was found to .be of positive benefit across the board,
however, because of potentially faster responses from the
conventional controller. The exploration of equivalent enhance-
ment mode for lateral-directional responses from the conventional
controller. It is shown that as a practical matter, it 1is
difficult to achieve a pure CCV mode because of various cross-
.COupling and crossfeed effects. Some modes such as the transla-
" tion modes are particularly sensitive to this problem. Reference
26 discusses several pilot loop closures for. the combination of
different flying tasks and different CCV modes. The block
diagram structure of the resultant models will be qu1te useful in
planning simulation experiments for this effort.

8. SIMULATION AND IN-FLIGHT EXPERIENCE - In this section we will'
examine those reports describing simulation of, or in-flight
experience with, uncoupled control modes.

a. Spacecraft And Large Aircraft, - Wittler . (Ref. 27)
describes the evolution of spacecraft hand controllors from the
basic mechanical linkage used in the Mercury spacecraft to the
total fly—by-w1ze three-axis device used to control the Apollo
spacecraft. Due to environmental and crew station integration
problems, it was determined early in the Mercury project that the
floor mounted "rudder" pedal could not be used for yaw control.
This rpstrlctlon led to the. development of a three axis hand
controller in which yaw was controlled by twisting the hand grip
about |the 'vertical axis. This control scheme was utilized
throughout the manned space effort. Figure 9 illustrates the
directjon and ranjge of motion used in the Apollo hand controller..

rtical and lateral translation and agceleration have been
d as a landing approach -aid for transport aircraft,
et al (Ref. 28) performed a  motion-base simulation of
types of Ditect Lift Control (DLC) applied to the C-5A
t. DILC in this case is a vertical acceleration control
ed by augmenting conventional elevator input with flap
ions, Two of the configurations were of the Maneuver
ment (ME) type, i.e., DLC was used to increase the normal
ation response of the aircraft to conventional stick
The third configuration used a collective pitch type
to, allow the pilot to control flap deflection independent
ator inputs. Evaluation pilots endor3ed the use of ME in
ssions investigated. The separate DLC .resulted. in a
tion of pilot rating due mainly' to the’ controller and
zation used.,., The simulator was 'a modified Link T-37
base - simulator. Evaluation = tasks included landing,
following, and general handling qualities evaluation.
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Barnes, et al (Ref. 29) describe a fixed-base simulation of
the Vickers Super VC1l0 transport augmented with a combination
blended DLC and "maneuver boost" (a transient .elevator input to
speed pitch response). While blended DLC did indicate some
improvement to the landing task, the combination of DLC and
"maneuver boost" yielded the best performance.

'References 30, 31 and 32 describe the use of decoupled con-"-

trols in the landing of -a large STOL transpcrt. These fixed- and
motion-based simulations utilized an interesting combination of
controllers. ' A column-mounted control wheel, rudder pedals and
throttle were used to investigate the ' follcwing: flight path
controlled by column inputs, pitch angle with the flap lever,
velocity with the throttles, yaw rate with the control wheel, and
sideslip angle (lateral-translation. velocity) with the rudder

-pedals. A thumbwheel on the left yoke horn was wused to trim

flight path angle and . a thumbwheel on the rigiat .horn to trim
sideslip angle. In geéneral, pilot ratings were'excellent.._

Feinreich, et al (Ref. 33) describe the use of decoupled con-

ventional longitudinal centrols for the approach and landing of a.

STOL aircraft as ‘simulated on the Princeton Navion in-flight simu-
lator. -A yoke, column and throttle were 'used. Control assign-

ments were: column to control flight path angle witn trim capa~
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bi1lity supplied by button on the left horn, .throttle to control
forward spced, and a pitch thumbwheel to control pitch attitude.
The decoupled controls tested were found to have good flying

‘alities and resulted in small touchdoéwn point dispersicn with
low sink ratio. : ' : ’

In an 1investigation of Direct Side-Force Control (lateral
translation velocity) for STOL crosswind landings, Boothe and
Ledder (Ref. 34) utilized the capabilities of the CALSPAN Total-
In-Flight Simulator (TIFS). The pilot was given manual control
of lateral velocity with a thumbwheel mcunted on the right
control' yoke horn or the first throttle lever depending on pilot
preference. Since normal landing procedures call for one hand on
the throttle at all times, the majority of pilots used the
throttle mounted thumbwheel. Another interesting configuration-
was the use of an automatic system using the ILS localizer signal
to' compensate for crosswinds, thus leaving the pilot with only
the 1longitudinal control task. This greatly reduced pilot
workload. However, @ mechanization difficulties resul ted in
objectionable 1lateral acceleration osc1llat10ns. In .all cases
pilot comments were favorable in canceling crossw1nd effects up
to 15 Kts, the design limit of the system.

‘Mooij, et al (Ref 35) performed & literature snrvey of
blended Direct Lift Control as applied to transport .aircraft.
They discuss the only active aircraft with DIC along with various

\151mp1atxon and flight test experiments. The following conclu-

sions were formulated.

o .The concept of direct-lift' control shows great potential
for the improvement of  the controllability durlng final
approach and landxng of large transport aircraft.

o The advantages obtainable ' “by using dlrect-llft control to
- provide short term (high-frequency) 1lift mndulatlon com-
.bined with the use of the,6 tail surfaces for lohg term

control,, hold equally well for manual as for . automatic
control.

0 Maneuver enhancement "through d1rect~11£t contrcl should
- not’ lead to a degradation  of the gquality of pitch
control; direct-lift control: shall therefore prefetably
be used -in conjunction  with a. eemmand and stability
augmentatlon system, - s ' : -

The report goes on to describe a sxmulatlon conducted at NLR to
aid in the determination of low-speed longitudinal criteria for
transport aircraft. One of the criteria which was developed is
for minimal requ1ted maneuver enhancew ~t with blended direct~
lift control, : o
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investigated .the use of Direct-Lift Control (vertical translaticn
acceleration) as a carrier landing approach aid on Navy aircraft.
The configuration was tested on the Princeton variable-stability
Navion aircraft. Three c¢ontrollers were examined in this study.
The centerstick was used in the investigation of a maneuver
enhancement ‘mode in which DLC was blended with conventional
moment control to increase altitude response. A spring-loaded,
three-position stick-mounted 'switch was installed to investigate

the use of step-up or down DLC inputs (bang-bang control). The

use of a .center-loaded thumbwheel for proportional control of
vertical translation was also examined. The 1latter two con-
trollers provided altitude control with little or no change ‘in
pitch attitude. A wide range of simulated aircraft dynamics was
exanined. The task was a simulated carrier approach using a
visual "“meatball" glide slope indicator. All implementations
resulted in improved pilot ratings ranging from small to large

differences when compared with conventional moment control. - The

pilots preferred the proportional control but tended to use it in
a bang-bang type control strategy. The prgferehce for the propor-
tional over the bang-bang controller is thought to be due to the

"adverse" pitch rate disturbance caused by the latter's high flap
deflect’>n rate.

‘Miller and Traskos (Ref. 37) conducted a brief evaluation of
proportional vertical translation control with a stick-mounted
thumbwheel as part of their Navion simulation pof approach and
landing. These conflguratlons operated on the "backside" of the
power required curve, 1i.e., throttle was used to coi trol sink

‘rate while pitch controls airspeed. Pilot rating "and comments

indicated improvements in approach due to vertical acceleration
control, especially in the low short-period frequency configura-
tions. The wuse of proportional control, reduced the need for
making power corrections in the close-in part of the approach.
This  is partlcularly beneficlal for conflguratlon having poor
throttle response characteristics. :

" The incorporation of Direct Lift Control (vertical transla—
tion acceleration) on' the F-8C ~ircraft was znvestlgated on
groundbased simulation and flight test evaluatxons in Ref. 38.
This system utilized the existing ailerons. drooped as a variable

flap. The pilots' DLC control knob was located on the grip and
provided either bang-bang or proportional control depending on-

pilot selection. In a fixed-base simulation, four pilots

endorsed the use of. DLC because of improved glide path control.

Statistical analysis of the simulated approaches indicated a
reduction in touchdown dispersion -due' to DLC. Flight tests on

the actual aircraft confirmed the simulator findings. Glide path
corrections neat touchdown were made with DLC that c¢ould not be

done with conventional moment control. The combination of DLC

and - an auto-throttle were found- to greatly reduce pilot workload
in landing. : .
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5, The lack of a gunsight.

........

The aircraft of Ref. 38 was released to the Navel Air Test

Center (NATC) for further evaluation (Ref. 39). DLC was found to
significantly increase the pilot's ability to «control glide
slope, reduce touchdown dispersion, and reduce average sink

speed. Reductions in recommended approach speed appzared achiev-~

able with DLC due to the increase. in glide slopz control avall-_f

able. Recommendations included the incorporaztion of the system

on all fleet F-8 aircraft and investigaticn of the feasibility of
DLC incorporation in current and ruture Jet carrier based
airplanes.

Chase, et al (Rzi. 28) investigated the incorporation of DLC
(again a vertical acceleration control) on the F-104 aircraft.
The controi schemes were as used 6n the  C-5A experiment. reported
earlier, with ap,ropriate changes in authorities and rates for
the fighter aircraft. The pilots indicated the desirability of
the maneuver enhancement type control systems for the simulated
tasks of landing, terrain following and inflight refueling. Thr
separate DLC input with a flap handle was not liked due to the

controller and mechanlzatlon used.

Hall (Ref. 40) describes the implementation and evaluation
of direct side-force control on the variable stability NT-33 air-
craft. Drag petals on the wing tips combined with rudder deflec-
tions were used to provide Lateral Translation (LT) or Wings
Level Turn (WLT) capability. Controllers included centerstick
with roll stabilization, stick-mcunted thumbwheel, or ‘the rudder
pedals. Figure 10 illustrates ‘the thumbwheel position on -the
stick grip. The pilot was provided with a sideslip indicator and
sideslip angle in degrees. The evaluaticn pilots. noted 'several

airplane and control system limitations during configuration'

evaluation in a dive bombing task. These ‘.ere:

1. A maximum steady yaw rate of 0.5 ieg/sec or the equivalent
to approximately an B° banked turn at 240 knots IAS at ‘

15, OOO feet or approxlmately 9 mils/sec.

2. A maximum steady sideslip ‘of 3.5 deg or approxxmately 31
feet per second side velocity at 240 knots IAS (503 ft/sec)
at 15,000 feet.

3. The lack of a 'spring type centerxag 'device on the stick

mounted thumb controller.

4. The shallow speed-stabilized dive angle limit of 25%.

6. The short duration of the evaluation flights (1.4 hours)

25 : /%T///




.'_,.\.\.b-,-.—__.-.\.-:.fgvc;ﬁex—'--_-‘_«-_-r.—-;—_~,—-:~—'~——-.r~?-:-_1—“~:~'<'*_'~r.".‘: AR Ade i A ‘i R ek ittt e “dntiiin At Sl At NN S A Rl S

THUMB CONTROLLER

(LOCATED ON LEFT
SIDE OF STICK GRIP
IN FRONT COCKPIT)

GP23.0213-10

Figure 10. Side Force Controller from Reference 40

The evaluation task was a 25°, 240 kt speed-stabilized dive bomi,~
ing run with roll-in occurring 7000 to 9000 feet above ground
level and ‘pull-out initiated 1000 to 2000 feet above ground
level. Based on pilot ratings and comments the following conclu-~-

sions were drawn regarding uncoupled motion and the controllers
used: S '

1. All of the evaluation pilots felt that the direct side-force

contrel system, a3 mechanized t~ control steady yaw rate, '

provided a significant improvement in their ability to

acquire 'and maintain a target over that achieveble with the

basic T~33 airplane. Not all of this improvement, however,

can’ be attributed to direct side-force control, since part
" comes from the stabilization provided.

2. The 'ability to. make one correction for a laterall'target
displacement using direct side-forte control was considered
a significant improvement over having to make two bank angle
corrections- to get the same result. .

3. The use of direct side-force to command a steady sideslig
(lateral translation) does nst present a practical method of
controlling lateral aim point for weapons delivery but may
be useful for station keeping, -inflight refueling or as a
crosswind landing aid. . ‘ :

4. Direct side-force control {wings level turn) holds promise.

as a method: of improving  weapons delivery  accuracy and

geneval . flight path. contesol; therefore it should be

investigated further, .
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10.

11.

12.

Careful attention must be paid in designing a direct side-
force control system to minimize pitching and rolling
moments that may result from the deflection of aerodynamic.
"surfaces used to generate the side-force.

The nonlinear rolling roments associated with the variable
stability 7T-33 direct side-force mecharization were less
degrading than the pitching moments Nonlinear function

‘'generators were required in the aileron and elevator

channels .to eliminate these unwanted moments. With the
function generators included, none of the evaluation pilots
reported detecting any nonlinearities in the system or

‘airplane characteristics peculiar . to the side-force -

mechanization.

Consideration of an independent side-force controller other’
than one of the primary flight controllers is worthwhxle and
should be further investigated.

The thumb controller mechanized in the T-33 was not con-
sidered a satisfactory direct side-~force controller.

The lateral stick was acceptable as a dlrect .side-force con-
troller, but it lacked the flexibility that was available
with the thumb controller or ' rudder pedals since roll
stabilization was always a requirement. The "unnaturalness”
of using the lateral stick for directional control reduced
its de51rab111ty.

If a ‘primary flight controller is to be used as a direct
side-force controller, the rudder pedal mechanization 1is
superior to the lateral stick.

The heavy side-force controller forces first evaluated using
the lateral stick (4.5 1lb per inch) and rudder pedal (130 1lb
per inch) were unsatisfactory. The reduced values of 3.0 lb

per inch and 80 1lb per inch, respectively, were considered

satisfactory. Care must be exercised when designing a side-
force controller to achieve the, proper sensitivities to
allow rapid corrections to be made and .still maintain suf-
ficiently fine control to hold the pxppe- on taryet without
over-controlllng. B

Additional evaluations should be . performed to determine the
desirability or ditficulties of direct side-force control as
a function of Dutch roll damping ratio and other 1mportant
handling qualltles pdrameters. .

C 27




.

RHall (Ref. 41) acain used the direct side force capability
of the wvariable stability NT-33 in an evaluation of the Wings
Level Turn (WLT) capability of the Northrop A-%A tactical attack
aircraft proposed for the AX competition. Tasks were a 25°, 250
KIAS dive-becmbing maneuver commencing at 4,000 toe 6,000 feet
above ground level, with recovery no lower than 1:30 feet, and a
15° 225 KIAS strafing maneuver initiated at 2500 - 30300 feet with
recovery no lower than 400 feet. WLT authorities were similar to
those of Reference 40 and commanded . through the rudder pedals.
The Northrop configurations included a 40 mil/g sideslip lead.
Controller parameters varied during the evaluation were rudder
pedal gradient, hysteresis and breakout forces. Fcr the 15° dive
there was very 1little change in pilot rating for changes in
rudder pedal force gradients or breakout force hystere51s combina-
ticns. For the’ 25° dive configurations, increasing’ the force
gradient degraded the pilct ratings. The same trend was noted
for an increasé in rudder pedal friction. The gradients and
friction effects tested will be examined in more detail later in
this report. The reference does include a thorough review of
evalvation methods. It . should be mentioned that 1large pitching

. moments due to use of & split flap device to generate the

required yaw on the actual A-9 combined with cost constraints,
resulted in deletion of the eftort.

Carlson (Ref. 42) examined the advantages of direct side-
force control 1n dive bombing. Experiments were carried out on
the NASA FSAA motion-base and the Boeing MSS fixed-base simula-
tors. The side-force cdpability was added to the basic F-8
flight control system by the addition of two vertical' canards
near the aircraft nose. The aerodynamic characteristics of these
surfaces were predicted analytically. The pilot had control of
four aircraft maneuveriny modes, two of.which were uncoupled. A

'third was a form ot lateral maneuver enhancement and the tourth

provided <coordinated conventional bank to turn. Each was

availahle at all times and was commanded by a separate means of
control. These were:

.

Wings Level Turn - ‘comm;mded bv rudder. pedals

Lateral Translation - commanded by throttle-muunted thumb
controller (Eigure ll)

Lateral Maneuver thdncement - commnded by sxmultaneous
: detlection of lateral stick
and dpproprxate tudder pedal

Coordinated turn = commanded by’ ldtel’.‘dl stxck detlectzon.

The task waui a '3()°,’ 556 kt. dilve qubmq maneuver initiated at
8000 feet with bomb release occurring at 3000 teet above around

level., Resylts were compared” to scores generated by tlying the— -

same mission with the conventional F-8 maneuvering capabilities.

Crosswinds were added to increase task severity. However, due to
disploy limitations (approximately +20° vertxcal viewing anglu) a
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roll-in maneuver was not executed. The bombing runs were started
at a point where it was assumed .that the pilot had just rolled
out in a 30 degree dive angle. Various lateral offsets to the
turget were used. It was found that scores improved with larger
of fsets. This was later traced to a "boredca factor" due to the
simplicity of the tasks. One of the pilots admitted to trying
harder as the task got more difficult. This "boredom factor" was
indicated by the 'data to- have affected the test results of all
the pilots. Future efforts should attempt to avoid this problem
by -developing more demanding tasks. ‘A crosswind landing task was
also evaluated during the simulation. Lateral translation was
used to cancel the effect of the crosswind, but its low authority
and slowness of response limited its usefulness. Concerning the

direct side- force control (DSFC), the following conclusions were
drawn: C

1. The use of DSFC for weapon delivery was shown to improve
: accuracy by a factor of 3 over conventional control.

2." Ppilots Qho flew the simulation felt there would be no
- problem with lateral acceleracions up to 1 g.
3. Pilots who flew the simuiation stated that the use of DSFC

significantly reduced pilot workload by providing simpler,
more precise control,

4. DSFC increased aircraft maneuverability ~significantly.
Heading -changes less than 10° could be achieved twice as
fast using WLT in place of conventional control.

5. 'Authorlty limits between' 6 and 1.0 g are adequate for dive
' bomblng. ‘

6. DSFC reduced pilot workload for crosswind landings, however,

authority would have to be increased by a factor of 3 to’
handle a 15 knot crosswind. '

‘The report concludes with a recommendatxon for installing and
flight testing the system on an F-8.

'Hove, et al (Rei. 43) describe fixed-base simulation of an
advanced technology close air ‘support axrcraft configuration
known - ‘as Lightweight Attack: Configuration (LWA 29). This

design concept ‘'employed ‘powered lift in the form of vectored

thrust with supercirculation’  (VT/SC) and direct side~force
control (DSFC). The VT/SC used vectored thrust from a wing duct
containing additional burners. . The .evaluation task was a
dive-bombing maneuver in which the thrust was vectored at roll-in
and power was added at pull-out to get the desired quickening of
the normal acceleration. Dive angles of 30°, 45° and 60° were

" examined. The basic advantage of the . system over conventional
control Wwas to reduce the altitude loss in the pullout, .and to
-reduce the time ~to - climb to  altitude. Both results . were
. .
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considered beneficial . in that 1low alticude exposure of the
aircraft was reduced and survivability increased. In landing,
the use of VT/SC considerably reduced approach angle of attack,
thereby greatly improving pilot visibility.

DSFC was evaluated in a separate simulaticn independent of
the VT/SC system. Two types of direct side-force were examined,
lateral translation and wings level turn. 1In addition two types
of controller for the DSFC were evaluated, namely rudder pedal
control and an isometric button mounted on the isometric side-

'stick controller. The task was ground attack using conventional

bombs and a fixed depressed reticle sighting system. Each run
started with a 12,000 ft range and a 12,000 ft lateral offset
from the target and ' included a roll-in from an initial altitude
of 13,000 ft at 400 KIAS. Dive angle was 45° with a release alti-
tude of 4000 ft at 553 KIAS. Azimuth errors for all configura-
tions (conventional and DSFC) and controllers (rudder pedal and
button) were small with the uncoupled -modes exhibiting little or
no improvement 1in azimuth accuracy. Two possible reasons for
this were examined. (1) The 'mareuver allowed 10 to 15 seconds
for fine tracking, which was adr quate to achieve accuracy using
conventional control. (2) Pilot 1inexperiencte .with uncoupled

aircraft motion. The simulation allowed little time for the
evaluation pilots to familiarize themselves with the capabilities
of the uncoupled mnodes. A significant reduction in elevation
errors was noted for DSFC commanded by the thumb switch. The

"lack of improvement with rudder pedal control was linked to the

separation of function: ‘elevation by hand and azimuth by foot.
Trhis was believed contrary to normal procedure of hand control
for both axis. Based on total miss distance, wings 1level turn
controlled by the thumb button appeared superior to other means
of control. However, pilot comments ,indicate a concern over
coupling into the normal control stick on which the thumb button
is mounted. In evaluation of the same combinations in crosswind
landings, the thumb button commanding the lateral translation
(LT) mode was found to be smoother than any other control mode.

Lateral translation using the rudder' pedals was the next  best
control mode. : '

Another simulation investigated the survivability of the LWA
29 in the. presence of an 'anti-~aircraft artillery (AAA) threat.
The.evaluation included man-in-the-loop simulation of an advanced
radar-conirolled, 23 millimeter gun using a quadratic radar pre-
diction algorlthm in order to simulate a more advanced fire-
control system than the linear prediction methods then used. For
thé AAA, the probapbility of kills (Pg) against a non-maneuvering
target was almost 1.0 (perfect). Against an S-weaving target the
Py was. reduced by ,a factor of one: thirde A target velocity of
400 kts produced lower Pg's’ than a 600 Kt target because of . the
greater amplitude of motion by the. target due to lower turn radii
at - the lower speed. ., Jinking by the target reduced the Pg's to
zero regardless of the use of VI/SC.and DSFC. When the tacget

~attacked -the AAA site, the initial roll-in to compensate for the

12,000 ft offset wiped out the effectiveness ot the AAA tracking
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system. By the time the system rccovered, . the attacking aircraft
had passed the site. The use of VT/SC and wings level turn imple-

mented through the, thumb switch improved miss distances for the
attacking aircraft. :

Brulle, et al {(Ref. 44) documented a fixed-base simulation
conducted to determine design cdriteria for direct side-force con-
trol and consisted of over 2500 dive bombing runs. The airframe
configuration was a simplified version of the USAF. MDC Advanced
Fighter Technology Integration Demonstrater (AFTI), a design
having significant amounts of analysis and wind tunnel testing.
Three direct side~force modes were investigated: 1) wings level

‘turn (WLT), 2) lateral translation proporticnal (LT-P) and 3)

lateral translational integral- (LT-I). These modes ‘were compared
to 'conventional aircraft control for dive bombing a ground
target. In addition, =several advanced sights were evaluated
along with 'the conventional fixed depressed reticle. A unique
control mode, using conventional bank-to-turn control but rolling
the aircraft about the fixed bomb sight line of sight (RLOS) was
alsec studied. Earlier studies indicated that one potential
reason for improved accuracy of DSFC was the elimination of the
pendulum effect inherent in bank-to-turn tracking using a fixed
depressed reticle. By examining the advanced sights -and RLOS,

this theory could be confirmed. The following discussion of the’
sights tested is taken from the reference:

Fixed Depressed Sight - The fixed bomb sight for direct
dellivery employs no delivery system computations.. The
pilot's skill and judgement are used in achieving a predeter-
mined or “"canned" delivery solution. Direct bombing is
accomplished with the ‘use of a manually depressed sight
reticle. Reticle  depression is ‘based on predetermined
requirements which include: altitude, speed, dive angle,
and weapon type. For this concept, the pilot flies the
aircraft to establish the required dive angle and ground
track that intersects the ‘target. The "pipper" must inter-
cept at its canned release conditions. The fixed roll stabi-
lized bombing—is similar except that the bomb sight reticle
depression line 1is roll stabilize” to roll through an angle
opposite to the aircraft roll angle. This eliminates the
pendulum motion of a depressed reticle. :

 Future Impact Point (FIP) Sight - The FIP is a fully com-
puted automatic ' bomb release system., Two - bomb impact
" points, represented by the FIP reticle and DIP (displayed
impact point) ‘cross, are simultaneously displayed on the
heads up display. The FIP reticle shows the pilot the point
.onh the ground where the bomb impacts when released at a
future time, the time being based upon a predetermined or a
computed time of bomb fall.. The DIP cross shows the pilot
the point on the ground where the bomb impacts if released
immediately. The difference between the two points as seen

on the ground is range to go to bomb release which provides
an indication to the pilot of time to go.

- ',.. '_ ' ,52‘f
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To properly use this mode 'of weapon delivery, .the. pilot
maneuvers the aircra‘t to place the FIP reticle on the target and
continues to track it thereafter using small aircraft corrections
up to the time of bomb release. When the DIP cross reaches. coin-
cidence with the FIP reticle, time to go becomes zero and the
bomb is automatically released if the weapons release button is
depressed. Various automatic release conditions «can be pro-
grammed. The release condition -  used for this simulation was
programmed .to provide a "defense clearance altitude of 1500 ft.
Immediately upon release, a 4G pullup would ensure a minimum
altitude of 1500 ft. '

The simulation task was to make a 30° dive»' bombing run on a
ground target using .an .MK-82 low drag bomb. The aircraft was
orientated such that a 90° turn was redquired to acquire the
target. Diagrams of the delivery profiles for the fixed and FIP
sights are shown in Figure 12. The Heads Up Displays (HUD) used

in .the simulation are illustrated in Figure 13 along with the

initial condition used and a degcrlptlon of Roll. about the Line
of Sight (RLOS).

FIXED BOMB -SIGHT_DEL_IVER'Y SYSTEM

DIV.ING TURN INTO TARGET ' FIXED SIGHT RETICLE IS DEPRESSED

— CANNED RELEASE CONDITIONS T0 A 69 ANGULAR SETTING

© DIVE ANGLE -y ) CORRESPONDING TO A

) PREOETERMINED SET OF RELEASE

® WEAPGN RELEASE SPEED < ¥ (conniTions FOR A RIVEN TYPE
© SIGHT DEPRESSION ANGLE -Ap  BOMB. BOMB RELEASE IS MANUAL
® WEAPON RELEASE ALTITUDE - H WHEN AIRCRAFT REACHES :
CANNED RELEASE CONDITIONS OF
VELOCITY, DIVE ANGLE, ALTITUDE
AND SIGHT RETICLE ON TARGET.

ROLL STABILIZED FIXED SIGHT 1§
TARGET  SIMILAR EXCEPT SIGHT RETICLE
: ROLLED,OPPOSITE TO AIRCRAFT
ROLL TO KEEP IT STATIONARY
* WITH RESPECT T0 GROUND
(ELIMINATES PENDULUM EFFECT).

FUTURE IMPACT POINT {FIP) DELIVERY SYSTEM

B80MB RELEASE WHEN FIP RETICLE
AND DIP CAOSS ARE COINC'IDENT

\
y

ENTRY
ALTITUDE

ANANANNRAN RS AR NN RN R RA R AR RN NN
_BOmMs YRAJECTORY

ASNNNNN

'PILOT PLACES COMPUTING BOMS .
' : _+. SIGHT FIP RETICLE ON TARGET
FIP RETICLE LINE-OF-SIGHT AND connimts AIRCRAFT T0
. MAINTAIN iT THERE. THE
INSTANTANEOUS RELEASE DISPLACEMENT BETWEEN THE Fip
-soms "WECTW "RETICLE AND THE CONTINUOUSLY
- DISPLAYED IMPACT POINT DIP .,
CROSS PROVIDES A TIME T0 6O -
ANDICATION. THE BOMS IS

LINE-DF-SIGHT OF
CONTINUOUSLY DISPLAYFD
IMPACT- POINT DIP CROSS

80MB

gusvuveo DIP CROSS noves ® SN N TRAJECTORY  AUTOMATICALLY RELEASED WHEN
OWARDS COINCIDENCE WITH ~ N THE 0IP CROSS BECOMES
FIP RETICLE DURING DIVE ~a TARGET . COINCIDENT WITH THE Fip

RETICLE.
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Figure 12. Woapon Delivery Systoms Fvaluated in Reloronco a4
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FIXED AND FIXED ROLL STABILIZED
SIGHT HEAD UP DISPLAY (HUD) SUMBOLOGY
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THE SIMULATION WAS SET UP SO

ROLL ABOUT THE FIXED BOMB THAT A 90 DEGREE TURN WHILE -
SIGHT LINE-OF-SIGHT (RLOS) . DROPPING THE NOSE TO THE DIVE

CONTROL MODE- . ANGLE WAS NEEDED TG ACQUIRE
, " THE TARGET. THE INITIAL

CONDITIONS WERE VARIED TO

INVESTIGATE TRACKING TIME ON.

BOMBING ACCURACY.
Lo§ INITIAL CONDITIONS -

» ALTITUDE APPROXIMATELY
THIS CONTROL MODE ELIMINATES MACH | RANGE | TRACKING TIME
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Figure 13. Displays and Te:t Conditions qum _Ralerence 44 '
' Adapted fri:m AFFDL-TR-76-78 -
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Several <conclusions of a general nature were arrived at
during the simulation and analysis.
o WLT control was liked best and the most accurate bomb
scores were achieved by the pilots .with this mode when
using either a fixed or FIP bomb sight.

o LT-P and LT-1I were rated better, and the bomb scores were

better, than a conventional contrcl mode when using a FIP
sight.

o Pilots liked the .fixed roll stabilized sight and the RLOS
better, and their bomb scores were better, than with con-
ventional control and a fixed sight.

o A rudder pedal controller for DSFC was 1liked by the
pilots. A thumb buttorn on the control stick for DSFC was
discarded because pilots could not simultaneously use the
controller and bomb release buttons.

0 A rudder pedal controller appears insensitive.to aircraft
response characteristics and pilots can adapt to a large
range of DSFC characteristics.

o LT-P and LT-I flight modes are impréctical for dive bomb-
ing when used in corjunction with a fixed bomb sight.

o The varvriations in allowed tracking time used in this
experiment had little effect on the accuracy or
preference for an individual mode.

In addition several flying qualities criteria for direct side-
force control were also developed.

References 45 and 46 describe 'the development 4nd flight

‘test of the F-16 Control Configured Vehicle (CCV). This aircraft

offered the first 'true flight. test of c«coupled, six |degreé-of-

‘freedom, flight path control: The aircraft was capable|of a wide

range of uncoupled motions: wings level turn {(WLT) vertical
path control (VPC;g lateral translation (LT), vertica] transla-
tion . (VT), fuselxge azimuth aiming (FAA), fuselage| elevatlon

aiming .(FEA) and a  longitudinal maneuver enhancepent (ME)
blending of direct lift with conventional moment contfel. Once

. the CCV mode was K selected, all CCV modes except ME| could - be
commanded by thumb pressure on a 360° isometric “copolie hat" .

button mounted on the side-stick controller. The 1latpral modes

~could also be cortrolled using the rudder pedals, depending on
" switch 'selection. Maneuver enhancement was always |controlled

through the sidestick controller. The pilot could pelect one
longitudinal and two lateral {(one via rudder . pedal, and one via

. the thumb button)'modes. If the same lateral mode was selected:
~ on the thumbbutton and rudder pedals, their inputs were additive.

If separate modes were selected for each, the tirst oné commanded
negated any commands in the ‘other - controller. {figure ~ 14

15"
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illustrates the controllers evaluated. Various combinations of
lateral and 1longitudinal uncoupled modes were evaluated. The
logical mode combinations of VPC and WLT, plus FEA and FAA were
rated as desirable combinations by the evaluation pilots. Mixing
of CCV modes were found to be confusing to the pilots during
precise tracking. Later evaluatlons use VPC + WLT, FEA and FAA
and VT and LT. :

The control modes were evaluated in air-to-ground and air-to-
air . tracking. The ‘air-to-air testing wutilized ' the Handling
Qualities During Tracking (HQDT) techniques of Reference 47. The
HQDT approach uses scored gunsight camera film to obtain a quali-
tative measure of handling qualitiées, response characterlstlcs
and controllablllty during a. hlgh-galn tracklng task.

-+ Extensive plth comments were also used to determine the
utility of the various control modes.. Target aircraft were F-4's
and T-38's. A limited number of runs placed the F-16 CCV as the
target aircraft in order to evaluate the defensive capabilities
of  the wuncoupled control  modes. The potential for defensive
maneuverlng was demonstrated, however the pilots desired 2 to 3
g's of direct force control. For air-to-air tracking the pilots
preferred the use of VPC and WLT to other uncoupled modes. The
rudder pedals were preferred for control of WLT. A strong prefer-
ence was expressed to separate the pilot inputs in terms of
concrol device and response axis. ‘For large-scale air combat
maneuvers and air-to-air tracking, the pilots ranked the modes as
follows: : N '

1. WLT and VPC (2-3 g's authorify required)
- 2. FAA and FEA (automatic fire/flight control preferred)

3. LT and VT (very limited use due to authorlty avallablllty)

The air-to-ground tasks -onsisted of dive bombing and straflng
maneuvers, The tasks used are shown in Figure 15. Based on
pilot opinion, the following conclusions wEre reached:

1. Wings Level Turn was Judged to be the most worthwhile of the
- Cev modes for air-to-ground operations because it:

o Eliminated'sight pendulum effects during maneuvering
o Allowed qumcker llna»up on graund targets
o simplifled the tracking af moving targets.

2. In general, -there was little foreseeable need for the Verti-
: c¢al Path Control capability 'in air-to-ground operation. It
has the ability (as . does Maneuver Enhancement) to reduce the
-altitude loss during dive recovery, but it is more effective
. because the' incremental load factor is retained in the VPC
than ME mode instead of washing out as the recovery

- progresses. - ‘ ' ' :

7 S




:\-"

3. Lateral Translation showed greater potential in. air-to-
ground than in air-to-air tasks. It was judged to be effec-

tive in cancelling crosswind effects in s*raflng and dlve

bomb Operatlons and during landing approach

4. The pointing modes exhibited potential for all 1low- level

st-afing of stationary ‘targets. Elevation Pointing was -

effective in increasing the minimum altitude during recovery
from strafing runs. Azimuth Pointing. was endorsed for
improving the aiming accuracy during dive bombing in
crosswinds and during low angle strafing of moving targets.

TASK

AIR-TO-GROUND GUNNERY
® TRACKING (30 SEC)
e. BANNER STRAFE
® AREA STRAFE
® 30 MPH VEHICLE
® 60 MPH VEHICLE

AIR-TO-GROUND GUNNERY
® TRACKING (30 SEC)
@ OPERATIONAL D/B
- ® 80 MPH VEHICLE
® PULL-UPS

OTHER TASKS
. ® ROAD RECON :
' ® APPROACH AND LANDING (ommou)

QP23021315

.  Figure 15. F-16 CCV In-Flight Evaluation Tasks
Adapted from AFFDL-TR-78-9

The rudder pedals were the preferred controller - for the'

wings .level turn mode. However, the system appeared too sensi-
tive for terminal precision tracking at 400 KCAS near the ground.
Maneuver Enhancement was endorsed by the pilots for all missions
examined, both for improved normal acceleration response and for
gust alleviation, Also, all pilots indicated a preference for
integrating the fuselage aiming modes with an automatic fire/

.flight control system to simplify the piloting task. Reference
- 46 contains specific recommendations to achieve more “task
oriented" improvements in terms of controllers, controz laws, and-

task teallsm. In particular the reference lxsts.
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Controller Improvements

Simplify the pilot controllers for air-tb—air tracking tasks:

by providing:

1. "Beep" correction capability via an on-off switch controller
and integral commands for pointing modes

2. Blending of CCV and basic pilot commands on the conventional
control stick.

Optimize controller mechanization for alr-to-ground weapons
delivery tasks through use of:

1. Nonlinear and/or selectable force gradients
2. Mode authorities matcheda to the specific task.

Improved Realism of Flight Evaluations

The follow1ng actions are recommended to enhance the opera-
tional realism of “light evaluations:

1. Utilize a state-of-the-art sight system including specific
~air-to-air and air-to-ground f1re ‘control modes.

2. Evaluate cperational effect1veness of "task orlented" mode s
by delivering actnual ordnance for score.

3. Remove CCV maneuvering limits. Engage in mock air-to-air
combat against adversary ', of similar conventional
performance. '

Wood, et al (Ref. 48), describe the Air Force evaluation of
the F-)6 CCV aircraft of Reference 46. They ‘indicate that the
test results demonstrated the potertial' for improving the atcom-

plishment of almost any fighter operational task. Some of the:
.benefits were based on extrapolation to higher levels of CCV
. control authority and task optimized controller characteristics.

Recommendations indicate the need for testing larger authority
modes tailored to the evaluation task and interfaced through the
fire control system. Important . areas ‘for future development of

. uncoupled modes, in order of priority, were:

1) Air combat maneuvering - area of qreatqst:ovetall benefit

2) Air~to-air tracking - area of grea“est low-authority mode
' potential , 4 . , T :

3) A1t~to-surface - improved latetal steerxng and surv;vability

4) ,Other tasks - imptqvements in routine or less critical

tasks. . : 4 oo o .
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If the number of uncoupled modes was to be limited, the following
list indicated preference in order of importance. ‘ '

1) ° Wings Level Turn

2)  Vertical Path Control

3) Fuselage Elevation‘Aiming
4) - Fuselage Azimuth Aiﬁiné '
5) Maneuver Enhancement

6) Lateral Translation

7) Vertical Transi;tieﬁ

The incorporation ef'vlimi;ed vertical path c¢ontrol using the

centerstick was suggested.

Also, the use of fuselage aiming as part of an automatic
fire/flight ‘control system was indicated as being preferable to
manual control. The report also recommends that future investiga-
ticne liwmit the numker of participating pilots and allow these
pilots ample practice with the aircraft controllers. Consider-
able emphasis on evaluating pilot workload will be required with
HODT type quantitative -data being used to identify large differ-
ences between test parameters.

References 49, 50 and 51 descrlbe the design and development

of the AFTI/F-16 multimode digital flight control system. Refer-

ence 49 describes the preliminary development and simulation of
the original configuration. Due to time constraints, the direct
force modes were not evaiuated by pilots in combat. References

50 and 51 address the further refinement and definition of the

configuration. Reference 51 'describes the latest version of the
AFTI/F~16 and will be discussed here. The overriding requirement

f>r the flight control system design was to provide’ task—tazlored

multl—mode contrel functlons. These functlons include:

o. Normal -'used for takeof <. cruise "and landlng and for the
performance of secondary mission tasks such as refuelzng
and formation flylng.v

o Azr-to~air -~ used throughout the air combat envelope to
provide rapid maneuver;ng during 1ntercept and precision
tracking. : :

0 A1r-to~surface gunnery - provades rapid and pzeczse fusel~
' age poznt;ng for strafing ground targets.

.e/'xxr~to-surface bombing =. provides precise control of the
aircraft velocity vector and enables the employment. of
effective control strategies to increase survivability.

— - . : ' . ' . » . - \N
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Each c¢f the modes is comprised of a "standard" and a "decoupled”
mode. The standard modes use conventional moment control to man-
euver the aircraft, The piLlot interface 1is thrcough three con-
trollers - right hand sidestick, left hand linear track throttle,
and the rudder pedals. The sidestick controller 1is of the

limited displacement type and incorporates a paddle switch for

selecting either standard or decoupled modes. ‘The horizontal
throttle also has a twist motion available for control of
longitudinal wuncoupled motion. The pilot selects one of the
nmultimodes {normal, air-to-air, air-to-surface bombing, . or
air-to-surface - gunnery) which automatically reccnfigures the
flight control laws, Heads Up Display,  fire control computer,
stores management system and radar to the proper status. The

- desired functlons for the controllers are then determined by

selecting ' either standard or decoupled modes. The controller
functions are defined as follows: o

Standard nérmal mode

Sidestick (pitch) - normal acceleration command
Sidestick (roll) = roll rate command
Rudder Pedal =~ rudder deflection command

" .Throttle twist - none

Drcoupled normal’ mode

Sidestick (pitch) - flight patih maneuver enhancement
Sidestick (roll) - rcll rate command

Rudder pedal - lateral translation acceleration
Throttle twist ~ vertical translation acceleration

Standard air-to-surface bombing

Sidestick (pitch) - normal acceleration command
Sidestick (roll) = roll rate command '
Rudder pedals - wings level turn command
Throttle thst'- none ' '

Decoupled air-to-surface bombing

Sidestick {pitch) - flight path maneuver enhencement
Sidestick (roll) = roll rate command

Rudder pedals - wings level turn command
Throttle thst - vertxcal path acceleration control

Standard ax;-to-sur:dce gunnery
Sidestick (pitch) - pitch rate command °°
Sidestick (roll) - roll rate command

Rudder :edals - wingsy level turn command
Throttle twist - none ,

M
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Decoupled air-to-surface gunnery

Sidestick (pitch) - pitch rate maneuver. enhancement
Sidestick (roll) = roll rate command

Rudder pedals - fuselage azimuth aiming

Throttle twist - fuselage elevation aiming

Standard air-to-air
Sidestick (pitch) - pitch rate command
Sidestick (roll) - roll rate command
Rudder pedals - wings level turn command
Throttle twist =- none

Decoupled air-to-air ‘

Sidestick (pitch) - pitch rate maneuver enhancement

Sidestick (rol: ' - roll rate command
Rudder pedal - f{uselage azimuth aiming
Throttle twist - fuselage elevation aiming

The maneuver enhancement modes are a blend of conventioral and
vertical path cont:ol to provide an enhanced coupled maneuvering
response to pilot ‘nputs to the sidestick. Due to limited
control power available on the AFTI/F-16, the uncoupled motions
are incorporated tor use in vernier tracking and small-amplitude
correc¢tions to the flight path.  The AFTI/F-16 has been
extensively tested in man-in-the-loop simulations using full
non-iinear equations of motion and a very detailed aerodynamlc
date set developed from extons;ve wind tunnel testing.

Sammonds and Bunnell (Ref. 52) conducted a motion-base simu=-
laction experiment to detgrmine tlying gqualities criteria for
wings level turn in a diveﬁbombing delivery of free fall weapons,
A conventional si1si-deyreegs-of~freedom  mathematical -~ model was
¢aveloped to represent a stote-of-the-art fighter aircraft having
“lying qualities similar tq those of the F-15. The WLT mode was
modeled as a transfer fundqtion relating lateral acceleration to
rudder-pedal detlection. Feedback was used to ensure  minimal
sideslip anqgle. While n¢t simulating any real aircraft  or

design, it was felt this pm:thod allowed. variation of important -
~ handling qualities parametlers and allowed the study of pure,
uncoupled responses., ' The |pilot was given a Heads Up Display.

(HUD) with a tixed, deprejssed reticle sight (Figure 16). . The
task was an air-to-ground delivery of ‘an unguided bomb. The task

began with a roll onto the |[target from a 90* heading offset at an

altitude of . 10,000 teet, The desired.  release conditions were a
30° dive angle, at 5000 feqt with a velocity ot 1200 ft/sec. The

high velocity wasg 'used with the initial and final altitudes to

provide a task that would pot be casily dCCOmplldhed with a poor

system. The average tracking time betore release was 4 to 5

seconds. The pilots were| given sutficient practice to become
familiar with the delivery| protile. The target was a black.and

ho
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Figure 16. Head Up' Display.(H_UD) Used for Dive Bombing Task of Reference 52

white bulls-eye of concentric circles 2000 teet in overall
diameter. Approximately 50% of the time, a light in the . centeéer
of the target would come on ‘after the pilot had started his run.
The light signaled the pilot to bomb a secondary target (a white
dot) offset. 1000 feet laterally from the primary target.  This
necessitated a heading c(hange of about 12° in 4 seconds. While

not a realistic operational  maneuver, the secondary task was

chosen to subject the WLT mode to 'a severe heading change in
order to evaluate its gross maneuvering capabilities. Figure 17
illustrates the primary -and secondary targets as well das the
bombing task - flight profile., While mainly a handling qualities
simulation, arn eftort was made to determine the control authority

required. Simulated authorities of, .5, .75, and 3 qg's were

tested. The .5 g level was tound to be inadequate tor the task.
The .75 g level was adequate tor the primary task but did not
have enough authority to' reach the se,con{iary target in time. The
3 g authority level provided more than enough coritrol power for
both tasks. Analysis ot the time histories' showed that a maximum
lateral acceleration of 2.5 g's was commanded momentarily.
However, 50% of .the time no more than 1 g laterally would be
required. In a comparison with the conventional control airplane
it was almost impossible to accomplish the secondary task with

‘conventional bank-to-turn control due to the small amount ot time

for target alignment. The consensus ot the pilots was that WLT
with good response "characteristics greatly siwmpl itied the lateral
tracking task .and allowed more attention to the . longitudinal
t.ds . . >. : ' ) ’ E ' ’ )
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Figure 17. Bullseye and Alternate Targets and Task From Reference 52.

Reference 53 describes the simulation analysis of a fighter
aircraft incorporating unorthodox control forces in air-to-air
missions. The configuraton was the MCAIR K vectored lift fighter
{VLF) equipped as shown in Figure 18. ‘The configuration has

~shown the capability to double the close-in combat effectiveness.

of a baseline aircraft possessing only conventxonal control. The
simulation task was air-to-air combat against’ two threat .aircraft

of equivalent maximum sustained and instantaneous normal load

factors at all flight conditions and with identical electronics,

armament, and pilots as the VLF. In addition to.the direct force -

modes (DFM) the ‘configuration was -also tested with  wvectored
thrust Post Stall Technology  (PST) in addition . to DFM. " The
thrust vectoring allowed attitude control at airspeeds below 270

knots and angles of attack up to 80°. - The simulation was struc- '

tured such that the’ advantages due to each of the uidvanced modes

could be analyzed separately. Many of the modes xndxvxdually‘

showed minimal usefulness, but when combined, large. increases in
capabilities were. noted. The direct forces .are provided by
" deflection of the variable 1nc1deﬂ‘e wing (the outer portlon ot
each wxng is movable), elevator. anu rudder. . AN
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Figure 18. Simulated Test Configurations from Reference 53
i ’ ) Most of the 6-DOF modes defined at the beéinning of this
report were simulated. An additional facter was the high roll

capability at high angles of attack. This allowed, for instance,
90 degrees bank angle in 1 second at 25 degrees angle of attack
and 9 g's. The pointing modes were ‘incorporated in an autom:tic
f1re/fllght control system. At' Mach .9, 10,000 feet altitude, 1
g of wings level turn and lateral translatlon authority was simul-
“ated. Drag- modulation produced ‘3 g's tangential deceleration at
Mach .9, 10,000 feet, i.e. it was about three times more effec-
tive than a -conventional speed brake. ~The simulation included a
Heads-Up Display with, approprxate symbology for the coupled flre/
£lxght control modes.

.

. Roll: control due to the :variable ' incidence wings was the
. " most significant factor in gross maneuvering. Post stall tech-
' nolegy was useful in enhanczng maneuvering .capability near LL
below corner speed. ‘Drag modulation, -activated by the = speeé
brake switch, was the second most significant unorthodox control
mode in producing air superiority in gross maneuvering. The
ccupled fire/flight modes produced more than ‘ten: times the gun
kills of the baseline aircraft, -which required conventional
manual tracking by the pilot, Lateral translation acceleration
_ control was of little significance as an 'isolated capability in‘
o -+ ' combat. Longitudinal maneuver enhancement produced no apparent

' o advantage in fine tracking (it was conceived primarily as a ride

: . enhancer,  and this was a fixed-base szmulat1on) Its advantages
o in gyross maneuvering were small but measurable.' '
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Binnie and Stengal (Ref. 54) tested several side-force com-
mand modes implemented on the Princeton 6-DOF variable response
research aircraft (VRA). Wings level turn and lateral transla-
tion mcdes were tested. These were  commanded by 1inputs to a
stick-mounted thumb switch, the lateral stick and rudder pedals.
Various blendings of sideforce with conventional ailerons and
rudder were 1investigated. Proportional translation commands were
controlled by the thumb lever while translation rate commands
were avallable wusing the thumb~trim-switch. wings level turn
could be commanded using the rudder pedals when this mode was
engaged. Side~force roll modes allowed control of translation
with lateral stick. The dual interconnect mode blended sideforce
commands with the normal stick and rudder pedal .inputs. Propor=-
tional control of translation was preferred due to the predicta-
bility of the " response. A military evaluation pilot preferred
the' "snappy" response of the WLT mode commanded by the rudder
pedals. A civilian (general aviation) pilot preferred control of
lateral tranr.ation. The side-force roll modes were not as well

"liked by either pilot. The dual interconnect mode degraded pilot

ratings. In general, pilots preferred side-force command :modes
that were uncoupled from conventional stick and pedal inputs
since they interfered less with learned control techniques.

Hoh, et al (Ref. 26) performed a flight test experiment to
aid in the development of handling qualities for aircraft with
independent six-degree-of-freedom control. A wings level turn
mode commanded by rudder pedal deflection was implemented on the
Princeton VRA (Ref. 54). Visual responses were tailored to be
typical of a modern fighter aircraft performing air-to-air
tracking at Mach .8. Acceleration cues did not match this flight
condltlon due to the 105 kt maneuvering speed of the VRA. Use of
the VRA' .5g Sside force acceleration capability corresponded to
a latéral acceleration of 2.5 at Mach .8. Various degrees of
roll and yaw coupling were also tested. Results indicated that

the use of conventional controls for gross maneuvering and WLT
for fme tracklng was a desirable technique.

Mporhguse, et al (Ref. 55) periered a motion based simula=
tion to investigate the use of direct force modes for defeénding
against gun attack. The direct force capable airplane had the

- response characteristics and capabilities of the F-16 CCV (Ref.
.45). In the initial simulation pilots ‘tracked an “uncoupled”

target programmed to move in either vertical or lateral transia-
tions with various acceleration levels. The pilots tracked these
motions using the control modes of the F-16 CCV flight control
system. Vertical translation between l/2 to 4 g's showed no con=-
sistent effect on task difficulty. However, lateral translations
showed a much larger increase in task difficulty. Considerable

. pilot compensation was required to track as little as 1/2 g of

lateral acceleration. These results indicate there is 1little
defensive capability associated with vertical translation while
as little as 1/2 g of lateral translation greatly increases defen-
sive potential. In a follow~on sunulatz.on pilots flew. a conven-
tional confxguratzon equ1pped wxr.h _various levels of Integrated
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Fire/Flight Control capability against a direct force capable tar-
get possessing response magnitudes similar to the F-16 CCV. The
targets flew a ‘"canned" flight path stored earlier by having
pilots fly the CCV capable aircraft and applying direct force and
conventional control inputs at predetermined times. These
responses were stored and used to drive the target motion for the
IFFC simulation. ' The IFFC capable aircraft was able to track the
target through any combination 'of rapid reversal maneuvers.
These results indicate no benefit in defensive capabilities for
an aircraft having F-16 CCV direct force modes when attacked by
an aircraft equipped with an integrated fire/flight control
system. ‘

There are 'several ongoing studies of controllers for 'un-
coupled motion. A four axis controller incorporating twist "and
heave control inputs along with the normal pitch and roll axis is
being evaluated for use in helicopters (Ref. 56). Efforts of

_this type should be followed in the. future to take advantage of

any possible application to airplane controllers.

Some potential problem areas have also been identified. 1In
Ref. 46 at least one pilot indicated concern over the response of
the F-16 CCV when he encountered heavy turbulence with the man-
euver enhancement mode .engaged. He found the rapid movement of
the flaperon to be disconcerting. Additonally, there appears to
be some concern over the onset ,rate of normal load factor and
pitch rate in some of the maneuver enhancement modes. High onset
roll rates of conventional 'aircraft have been shown to cause
degradation in pilot acceptance (Ref., 57).

Centrifuge experiments were conducted to investigate the
effects of lateral accelerations on pilot tracking abilities
(References 58 and 59). Results indicate that pilot restraints
will be required for lateral accelerations in excess of 1 g.

.Addltlonally, significant control cross-coupling and 1nadvertant

inputs to the sidestick controller, rudder pedals 'and throttle
were noted due to increasing lateral accelerations. Any future
investigations of direct side-force should consider these problem

areas, A review of these results appear in the literature

summary sheets in Appendix A.

9. COMMENTS ON THE LITERATURE =~ A wide variety of repérts have
been examined covering elemerts of manual control and the applica-

. tion of six-degree-of-freedom control to aircraft mission effec-

tiveness. In evaluating 6-DOF control on -a wide range of a.r-
craft (from heavy transports to high performance fighters) many
apparent contradictions on the degree of benefit can be identi-
fied. However, many areas of agreement in general principles do
surface: ' ‘ ‘

1, The use of direct vertical and side-forces ‘has the potent1a1
to sxmpley landxng tasks for all aircraft types.

2. The various forms of maneuver enhancement have generally
- been accepted as benefxcxal.

47
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3. In military applications, the use of wings level turn shows
the greatest potential in air-to-surface bombing accuracy
improvements.

4, Automatic implementation of the fuselage pointing modes

would be their best application.

5. No optimum method of controlling tﬁese 6-DOF modes has been
found. The "use of 'the rudder pedals for lateral uncoupled
modes has been found to be acceptable, hcwever.

o. No study has been attempted to define suitable criteria to
aid in, the design of coutrollers for alrcraft capable of
high authorlty, uncoupled mot1on.

For those flight ' control modes blended with conventional
response on a standard cockpit controller, the control forces
limi'ts listed in (Ref. 67) would still apply as would other stan-
dard controller requirements. . However, it should. be remembered
that uncoupled control means multi-surface control. As a result,
control paths will probably be by wire or light rather than by

.direct mechanical linkage. Additionally, a computer will prob-

ably determine the necessary curface deflection at each flight
condition. Therefore, those requirements dealing directly with
characteristics of | mechanical ' linkages may be downplayed
accordingly.

Two studies, References 41 and 44,  performed "the only
detailed variance of controller parameters. Hall (Ref. 41), per-

. formed several iterations on rudder pedal friction and gradient

characteristics in his 7T-33 simulation of the Northrop A-9A. He
found that a breakout/hysteresis combination of 3.5/3.0 lbs was
superior. to a combination of 7.0/6.0 lb. The pilots preferred a
pedal gradient. of 32 1lb/in. Problems in implementing the wings
level turn on the NT-33 and the relative impurity :and low author-
ity of the projected A-~9S system cast some doubts .on .the useful-~-
ness of these data. :

Brulle,' et al (Raf. .44), performed a handling qdalities
experiment for three types of lateral decoupled control as
described in the literature review.  Several - rudder pedal

sensitivities were examined for . K a fixed set of rudder pedal’

characterzstlcs typical of a high performanﬂe flghter.
In most cases where rudder pedals were used, the gradients

and friction characteristics ' were those associated with normal.
pedal function in a conventional fighter aircraft.
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Attempts to develop tentative criteria based on a review of
the available literature are hampered by the myriad of different
controllers used in these studies. Often in- these studies the
controller characteristics have not been described in any detail
since the experiments 'rwere aimed at proving viability of un-
coupled control rather than desirability of the controller. Aluo
continued references to the inadequacy of controllers in the
various references indicates that a satlsfactory method has not
been found.

10. INDUSTKY AND GOVERNMENT SURVEY - In addition to a review of

available literature, organizations currently involved in air-

craft and controller design have been contacted in order to
gather information concerning current and planned efforts in this
area. Also unpublished ideas and opinions about the control of
uncoupled aircraft motion are being solicited. Letters describ-
ing the effort, and requestihg any suggestions or comments, were
sent to organizations -active in controller and aircraft design
and evaluation. Copies of the letter are included in Appendix B.
No response was received to the letter.

Discussions have also been held with personnel of Systems
Technology, Inc., Douglas Aircraft, NASA Dryden Flight Research
Center, the Air Force Flight Test Center, ‘and General Dynamics
(Fort Worth) concerning their experiences with controllers and

by

the control of aircraft capable of uncoupled motion. The brief- |

ings included the test pilots who will be conducting the AFTI/

F-16 flight test program. These pilots have extensive simulation

experience with that configuration. - A report of these discus-
sions is included in Appendix C.’ '
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SECTION IIT
MISSION EFFECTIVENESS

Despite all the research and testing in the area of un-
coupled motion control, there are still serious doubts about the

~usefulness of these modes 1in the operational environment. In
" military applications, the advantages of unconventional control
. modes would seem to be an increase in aircraft maneuverability

and weapon delivery accuracy. Because the modes are generally
transient or of 1low steady-state authority, their advantages
would be seen in a shott range combat engagement. Rossiter (Ref.

60) points out that the greatest demands on maneuverability occur

when ‘an aircraft becomes involved in one~versus-one close combat.
The developing technologies of identification of friendly and
hostile aircraft beyond visual range (BVR), and the capability to
launch weapons ' without ever seeing the . target theoretically
reduce the need for increasing aircraft maneuverability. In this

‘" type of situation, in the majority of occasions on which an air-
"craft is destroyed, the pliot would be unaware ‘'that he is under
“attack. The first step to increase effectiveness would then be
the use of an improved tactical evaluation and control 'system
- and/or provision of an effective A onboard warning system to
~increase pilot awareness of the presence of hostile aircraft.
..Once this . awareness is achieved, then the maneuvering abilities
- of the aircraft come into play. :

Hill (Ref. 62) investigates aircraft;cequirements for con-

- flict in Central Europe. = He: indicates that it is generally
accepted that the Soviets will use electronic countermeasures
(EC4) to a large extent. This use of ECM will be combined with

inadequate identificatic: systems. '~ The tremendous radiative
power (approaching radii- frequency nollution). which will be pro-
duced by the many ground and airborne radars and command and
control communicatinr~s of all the involved nations could easily

reduce the effectiveness of long-range radar and air-to-air mis-
_siles. Aircraft would be forced to act autonomously, -depending

on non-jammable infra-red (IR) systems for search and ultimately
on visual identifications. The 1limited range of IR in the ,
moisture-laden weather of Europe has several 1mpacts on tactical -
requlrements. Of importance to this discussion is the decreased
range that can be expected before combat is ‘initiated. Thus even

"with sophisticated radar and identification systems, short range,

maneuveriny combat capability may still be a requirement for . the

~operation effectiveness of combat aircraft.

Henni (Ref. 63) examines combat aircraft maneuverabzllty as '
it. applies to alr-to—ground and air-to-air operations in Central |
Europe. Maneuverability -is defined as the ability to .change the

direction and magnitude of an aircraft's velocity wvector. For
‘air-to-surface operations, survivability will depend on the capa-

bility to fly very 1low ‘at high ,speed. During a mission the

. maneuvering capabilities of an aircraft in relation to-airspeed
" determine how closely the pilot can ‘follow the terrain in order
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to avoid infra-red surface-to-air missile (I.R. SAM) systems.
When avoiding obstacies and closely following the terrain, the’
ability to vary altitude without greatly altering aircraft atti-
tude would jimprove the pilot's vision and inspire the confic2nce’
necessary at very low levels. Vertical direct force. generation

of a 1large -enough authority would provide this capability.

Lateral direct force generation allows the pilot to = avoid
obstacles without having to bank and turn the aircraft, a man-
euver whicn is dangerous because of the limited realistic very
low level flight training attainable in Central Europe. The use
of direct force controls in combination with advanced fire con-
trols will add finesse to the aiming of unguided weapons. For
air-to-air engagements, Henni felt that current fighters, such as
the F-16, approach the normal load factor that a pilot can
endure. Improvements then 'must .come from extending the flight
envelope. Additionally, new technologies of direct force ' and
thrust vector control will play a part in further improvements in
maneuverability. '

In this report, we have not .tried to prove conclusively that:
uncoupled, six-degree-of-freedom control is an absolute neces-
sity. Rather, we have shown that there is sufficient interest in
this technology to recommend further study. It follows that
criteria for the design of controllers for manual control and

.recommendatlons for automatic implementations will. be requlred to

aid in the esign of future aircraft systems attempting to
utilize uncoupled motion. Based on the literature survey several
recommendations for the use of uncoupled aircraft motion can be
made. , .

First, wings level turn has' demonstrated the potential for
increasing accuracy and survivability in the ~air-to-surface
delivery of conventional weapons. The 'use of unguided weapons, .
may seem contrary to new developing technologies. However, in-a
conflict of any magnitude or duration, the ability to deliver
accurately large quantities of these readily available weapons
must be considered. The use of vertical path control assiats .the’
pilot in the pull-out phase of the dive bombing ‘maneuver, allow-
ing operatlons at a lower "altitude. . '

The use of the translation and fuselage pointing modes has
offered several' advantages in air-to-surface strafing, Lateral
translation accounts for crosswinds while elevation fuselage

"aimin> allows a firing solution at a lower alt1tude for a g;ven

slant range to the target,

Wings level turn and, to a lesser extent, vertical path con-
trol and the translation modes have shown potential usefulness in’
the nulling of steetlng errors in air-to-air engagements. The
automatic fuselage almxng modes allow the pilot to concentrate on
the gross maneuvering ' task while the fire/flight control system
accomplishes the fine tracking requirements. A potential .
decrease . in pilot workload results. Given enough author;ty, the




use of uncoupled motion wonu.d seem to be bene51c131 as a defen-

sive tactic, especially anainst a conventional aircraft under
manual control. '

The vertical and lateral translatlon modes have shown pro-
mise in 51mp11fy1ng the landing task for all classes of aircraf:.
Thic reduction in pilot workload increases safety, and decreases
touchdown dispersion in this task. The . increased precision of
landing has significant implications for carrier-based aircreaft
and for other aircraft operating from short fields due to runway
denial or wusing unimproved airstrips. Landing speeds may be
reduced because aircraft. speed is no longer the only parameter
affecting .path-to-attitude bandwidth.

In many studies, the blending of uncoupled responses with
conventional control has resulted in gquicker, more precise

‘aircratt control. Also, - improved gust and turbulence response

has been noted. . This improvement 1in ride "qualities |is
potentially important in high speed, low level flight resulting
in increased pilot confidence and comfort.

1. PILOT WORKLOAD - There is legitimate concern from many pilots
that the 1incorporation of manual control of uncoupled aircraft
motion may significantly increase the workload in accomplishing a

‘given task. This would be an intolerable situation in a period

where increasing demands are being placed on the pllot's alloca-
tion of time.

Reference 64, in describing the system designed for the
AFTI/F-15, indicates that the incorporation of advanced technolo-
gies reduced pilot workload in many areas as compared to conven-

tional aircraft (i.e., the F-=15). However, much of this in-

creased available time was spent in utilizing additional capabili-
ties of the system.

‘An  extensive time - line analysis for the AFTI/F-16 was
carried out in Reference 50. Through the use of a multi-mode
flight control and data management system, it was determined that
pilot workload was within acceptable levels.

The task tailored multi-mode ‘flight control’ sfétem allows.

the raircraft flight control laws and displays to'be tailored. to
the task at hand. By carefully selecting the control capabili-
ties and their distribution  to the controllers available to the
pilot, the designer can minimize ‘the impact on pilot 'workload

levels. Such a system must also dlsplav the data required by the

pilot for a specific task.

A smpl:.fled example of tzme line analysxs for an air-to-
ground weapons delivery is 1llustrated in Fxgure 19. Cognxtlve
workload refers ' to the time spent. by the pxlot in processing the
information available to him and determining the necessary correc~
tive actions., Psychomotor workload pertains to the time spent by
the pilot in ‘implementing. the corrective actions determined

52

.duung the cognitive task. From this illustration, we see 'that:_ -
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the highest workload levels occur during tracking. . Here . the
pilot 1is determining and implementing the actions required to
null out errors and time the release of the weapom. This holds
true whether uncoupled motion capability is available or nrot. 1In
discussions with pilots active in the AFTI/F-16 simulations, the
major increase in workload seemed to be in determining which con-
troller to utilize. Thus, something that should be a psychomotor
task (i.e., controller inputs) becomes part of the. cognitive
task, “hereby increasing pilot workload. The most obvious way to
minimize pilot workload in this situation would be to allow the
nécessary inputs to become a natural pilot response. This would
require utilization of uncoupled motion capabilities in an opera-

tional environment so that the necessary control strategies and .

techniques can be developed. Additionally, an automatic weapons
release 'system would determine the proper time of weapons
release. © Freed of the cognitive task of determining proper
release time, the pilot can concentrate on nulling out the sight
errors, a task for which uncoupled motion carability has shown
great promise. This would doubly reduce pilot workload.

A purpose of 'this effort was to identify aircraft mission
segments characterized by high pilot workload that would benefit
from 6-DOF application. Because a full scale mission analysis
"from the ground up" was not practical, it was determined that
the best course of action was to refer to previously developed
mission analyses. Five mission analyses (Figure 20) were used as

a data base. Each analysis involved unique criteria to determine.

areas of high workload. In addition, the literature survey and
subjective pilot comments aided in identification of high work-
load mission segments. The following is a 1list of the mission
segments that were common to all of the five analyses.

1. Mission plannlng/prefllght

2. Takeoff/climb out

3. Air-to-air refuelxng/formatzon

4. Ingress/egress

S. Target detection and identification
6. Weapon delivery (air-to-ground)

7. Weapon deployment (air-to-air)

‘8. Loiter rendezvous, cruise

9. .Approach/landing

10. Post flight/debriefing

The tetm, "critical mission segment' KCMS) was used to iden-
txfy those mission segments that must be successfully completed
to ensure overall mission success. A critical mission segment 1s
characterzzed by one or more of the following:

1) Incteased number of dxscrete activities'

2) Time shar;ng (multiple ‘tasks competing for the pilots'
' attention) - gee Figure 2zl _ -

3). ' Intense concentration~(neatly undivided attention;

54

CremmEe s .. v

L,

P

N SR

‘v".ii.( ‘,. v.' .‘ v .‘ "’-"‘.A“.. .




4) Difricuit -tasks (high level of motor skill required)

5) Severe environmental factors (vibration, wind gusting,
etc.) .

6) Subjective assessment (pilot identified 5egménts)

Of the in:itial ten mission segments, the following met one
or more of the above .criteria and were identified as CMS and
showed potential 6-DOF application. '

® F-15C MISSION/TASK ANALYSIS
TIME AND PERFORMANCE FACTORS RATING

® FI/A-18 OPERATOR TASK ANALYSIS (ATTACK) o ‘ '
DIFFICULTY, MODALITY, CRITICALITY, EQUIPMENT LCCATION RATINGS

® FI/A-18 TASK ANALYSIS (FIGHTER) .
CRITICALITY, DIFFICULTY, INTERRUPT TIME SPAN

® F/A-18 MISSION ANALYSIS REPORT
‘DISCRETE, CONTINUOUS, INTERMITTENT TASKS vs TIME REQUIRED

¢ LITERATURE SURVEY
# SUBJECTIVE COMMENTS (PILOT INPUTS)
® F/A-18 FUNCTIONAL ALLOCATION (AUTO vs MANUAL)

QP230213-24

. F igure 20. Survey of lnforma ion Sources Usad to Determine
f . Critical Misslon Segments '

1. TERRAIN MONITORING VISUAL
. THREAT MONITORING - AUDITORY AND VISUAL

. ECM DISPENSING - VISUAL/INTELLFCTUAL/MOTOR
. SYSTEMS MONITORING - INTELLECTUALIVI§UAL '

. CONTROL INPUTS - MOTOR/VISUAL -

[T "I~ I

ar210213.28

‘Figure 21. Time Shared Activities

1) Air-to-Air refueling/formation
R 2) Ingress/egress (possibly TF/TA)
i ) 3) Target detection and identification
4) Air-to-Ground weapon delivery
5) Alr~to-Air weapon employment
6) Approach and landing

Each of these CMS was analysed in greater detail. The tinal
P : portion of this study concerns technological consxderatxons of 6-
- DOF controls and. dxsplays as well as necessary control ‘and dis-

-play symbology. : . : - -
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The first segment to be examined 1is Air-to-Air refueling/
formation. This CMS requires the performance of gross (large) as
well as fine motor skill tasks. Overshoot corrections associated
with join-ups and emergency breakaw2ys epitomize the gross motor
skill tasks. Fine motor skill ‘tasks are required to maintain
relative position. 1In addition, intense concentration is nceded
to recognize the necessity for minor position and motion rate
corrections.: 6-DOF could minimize the number of required motor
tasks involved. However, S5-DOF should not be a patchwurk fix for
inherently poor aircraft handling qualities.

The next CMS havingb 6-DOF application is ingress/egress.

. This segment places a myriad of task requirements on the pilot

who 1s subject to a flood of sensory inputs., As a result, the

pilot must perform judicious time=-sharing to ensure that each

input recieves the ‘optimum response. By reducing the required
number of motor tasks, 6-DOF can improve TF/TA, help minimize
radar cross section, provide a level platform for ECHM pods and

enhance defensive maneuvers.

Although included in the ingress/egress porcion of the analy-
ses, special attention must be given to the task of tacget detec-
ticn, 1identification and designation. High speed, low altitude
flignt environment reduces the time available for the pilot to
visually. detect, identify and designate a target. 6-DOF capabil-
ity could provide the pilot with increased control authority that
would reduce the number of reguired inputs. This would enable
the piloet to perform these tasks within the restrictive time
limits,

At a superficial level of analvsis, Air-to-Ground weapon
delivery appears to be another CMS that requires large rapid

.corrections followed by small, rapid ' refinements. However, to

properly assess. the demands on the pilot, the following variables
must be considered: . 1) type of weapon, 2) delivery mode, 3)deli-
very tactic, 4) controlling sensor, 5) environment (hostile/
benign; turbulent/calm). Certain 'combinations of the above vari-
ables could result in low pilot workload, while other combina-
tions would require demanding motor . skills, mental agility and
alertness under high 1levels - of 'stress. 6~-DOF ' control could

‘reduce workload levels by simplifying the motor tasks and freeing

the pilot from time 'consuming aircraft control maneuvers. In a

‘combat situation, the additional time provided may eliminate the

typical requirement. to prioritize tasks (e.g., weapon delivery
accuracy versua survival).  See Figure 22. ‘ ' .

The Air-to-Air seégment involves tasks and demands common to
Air-to-Ground, i.e., steering and tracking, aircratft potisioning
and . "tracking to solution"., Again, many visual and auditory
inputs wvie ftor the pilots attention and proper recognition and
response is required tor successtul task completion.
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GRAVYITY WEAPONS

“DUMB"” BOMBS EXISTING WEAPON DELIVERY MODES
"A} CCIP (CONTINUOUSLY COMPUTED IMPACT POINT)
B) AUTO RELEASE

C) DIVE TOSS

D) TCA (TERRAIN CLEARANCE ALTITUDE) RELEASE

2. “DUMB" BOMBS FUTURE WEAPON DELIVERY MODES
A) IFWC (INTEGRATED FLIGHT/WEAPONS CONTROL)
B) GPS (GLOBAL POSITIONING SYSTEM) BLIND BOMBING
C) WAAM (SIDE AREA ANTI-ARMOR MUNITION)
D) MAS (MANEUVER ATTACK SYSTEM)

3. SMART BOMBS EXISTING GUIDANCE MODES
A) LST (LASER SPOT TRACKING) ILLUMINATING
'B) RADAR ILLUMINATING
C) STV (STEERABLE TELEVISION)
D) FLIR (FORWARD LOOKING INFRARED RADAR)

GUNS (STRAFING)

1. CONVENTIONAL MODE

GUST ALLEVIATION
2. IFFC MODE :

Notes:
1) All modes require large corrections initially and fine
corrections just prior to expenditure’

2) All modes will most likely be empioyed in a hosme
. . environment: SAM, AAA, ECM, enemy aircratt demanding
intense concentration and judicious time sharing from the plot.
GP230213.2¢

Flguro 22. Wupon RoloasolGuldanco Airto-Ground .
6 DOF Appl;canon

The final CMS to be discussed s apprea~h -and landina.
During this seqment the pilot is involved in <coasiderable tire-
sharing. The pilot must respond to visually presented data firom
instruments- and the external scene -.s well as auditory stimuli
from radio transmission while executing the precise molor tasks
associated with landing an aircratt. ©-DOF has the potentiul to
simplify the task of tlight path miintenance. by reducing the»
number of required corrections pdrt_xcularly when adjusting  for

" gusting cross ‘winds.
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To better understand how 6-DOF could improve operational
tlying performance, a task analysis was performed con three tasks:
A constant, airspeed, 90° heading change: a constant airspeed
climb over an,6 object then descend to original altitude and a
lateral gust allevation task. The data depicted in Figures 23,
24, and 25 are tallies of. subtasks within each task, and are
based on a general mission statement, i.e.; fighter/attack type
aircraft. The three tasks were chosen as a result of the
literature survey identifying wings level turn, terrain
following/terrain avoidance, and gust allevation as having strong
potential for 6~DOF 'application., Several assumptions are made
prior to this analysis. It 1s assumed that the conventional
system and the 6-DOF system provide the pilot comparable
precision capability. - Also -the lateral acceleration effect on
the pilot 1is not taken 1into account. Control locations and
switching operations are very important and are assumed to be
optimized in beth systems. It .is assumed that mental workload
associated with estimating lead points is equivalent for roll-out
and level-off. Finally, it was assumed that each control input
was a separate step.. It should be recognized that some inputs
can be made simultaneocusly. This would decrease the number of
subtasks shown in ‘the fiqures but would not effect the final
conclusion that 6~DOF control can reduce pilot workload.

6-DGF Wings-Level-Turn to the Right *

60° Bank Turn (Conventionai)

Move Throt}le Forward. -
Deflect Stick Right (Aileron),

-Start Rotling Moment

Deflect Stick Aft (Elevator), as
Bank Reaches 60°, gs Increase to 2

Neutralize Left/Right Stick
Displacement (Aiieron), Maintain
60° of Bank, Stop Rolling Moment

Estimate Lead Point for Roll Out
{(Mental) !

Deflect Stick Left (Aileron), Start

(Rudder Pedal)

Advance Throttie
Deflect Rudder Pedal Right, Start

- and Maintain Turn Rate
3 Estimate Lead Point for “‘Roll Out”

Neutralize Rudder Pedal, Stop
Turn Rate,

Retard Throttie

-

_ o ‘o 4 Fower Subtasks (44% Reductlon)
_ Rolling M,°m.°m : L ' Required to Complete the Task _
7 Relax Aft Stick Deflection (Elevator), < : .

Decrease gs to 1 Approaching Wings Level

Neutralize Left/Right Stick = -
Deflection (Aileron), Stop Rolling
Moment -

Retard Thro'ttle

*Note: 8-DOF mode active

" aPa3o0ee-178

Figure 23. Constant Airspeed Tum
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Conventionai

Advance Throttle

Deflect Stick Aft (Elevator),
Start Climb

Neutralize Aft Stick Deflection
(Eievator) to Maintain €limb Rate

Estimate Lead Point
Deflect Stick Forward (Elevator)

Neutralize Stick Deflection to
Levet Off

Deflect Stick Forward (Elevator) to
Start Descent

Reduce Throme

Neutralize Stick Detiection to
Maintain Descent Rate '

Estimate Lead Point

Deflect Stick Aft (Elevator) to
Start Level Off

Neutratize Stick Deflection to
Level Off

Advance Throttle

NP g g -y
CdSa .

5-DOF. Vertical Path Control Mode®

Advance Throttle

2 Defiect Controtf to Start and
Maintain Chimb

3 Estimate Estimate Lead Point for Leve! Ot

4 Neutralize Controf to Stop Climb
and Level Off

" 5 Deflect Control to.Start and. .
Maintain Descént”

Reduce Throttle

Estimate Lead Point for Level Off
Neutrahze Control to Level Off
Advance Throttle

O o ~Nm

* 4 Fewer Subtasks (31% Reduction)-
Required to Complete the Task.

'

' * Note: 8-DOF mode active

)

QP43-0000-177

Figure 24. Constant Airspeed Climb Over an Object Then Descend to Original Altitude

Conventional

Advance Throttle

Deftect Stick Right (Aileron) to
Start Rolling Moment .

Deftect Stick Aft (Elevator) to

- Maintain Altitude

10

11
12
f13

14

Figure 25 Gust Allev!ation Ground Tfack Malntonanco at Constant Alrspeod'

Neutralize Left/Right Stick
Deflection {Aileron) to Stop’
Rolling Moment

Estimate Lead Point

Deflect Stick Left-(Aiteron) to
Start Rolling Moment, Rolhng
Through Wings Level

Retax Aft Stick Detlection
{Elevator) as Bank Approaches 0°

Detlect Stick Aft (Elevator) as-
Bank increases *

Neutralize Laft/Right Stick

'6.DOF Lateral Translation Mode®

1 Advance Throttle

2 Detiect Control to Start and
Maintain Translation

3 Estimate Lead Point
Relax Contro! to Stop Transiation
5 Retard Throttle

Ve

« 9 Fewer Subtasks (64% Reduction)
Required to Complete the Task.

*Note: 8-DOF mode active . C

Deflection (Aileronj to Stop Rolling Moment .. o V ' oL o

B

Estimate Lead Point

Detlect Stick Right (Aileron) Start
Rolting Moment

Relax Aft Stick Deftection {Elevator)

as Bank Approaches 0°

Neutralizu Left/Fiight Stick Delleclib_n

(Aileron) to Stop Rolling Moment
Retard Throme» )

P
QP43-0080-178
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In the constant airspeed turn to heading task, four fewer
subtask%s are required to complete the task when using uncoupled
flight - a. reduction of 44%. The flight path maintenance task,
associated with TF/TA or glide slope maintenance (landing task)
indicated four fewer subtasks or a 31% reduction when using
uncoupled flight. A significant reduction of subtasks required
to alleviate gust effects results when uncoupled flight |is
applied. A total of nine fewer subtasks (64% reduction) 1is
required for ground track maintenance associated with strafing or
line-up with the runway. '

The purpose of this analysis was to determine whether 6-DOF
technology could reduce the number of subtasks. required to
perform certain tasks. This appears to be the case.

6~DOF application toward workload reduction must be con-
sidered in the context of existing and evolving ‘technologies.

_Further study of the application of 6-DOF Should incltde analysis

to determine: 1) the optimum degree of automation, 2) proper con-
trols and displays, 3) the suitability of moding.

2. CONTROLLER DESIGN CONSIDERATIONS - Several areas of con=-
troller design must be addressed to reduce the impact of six-

" degree-of-freedom control- on pilot psychomotor and ‘'cognitive

workload. The methods of crew systems design developed in Refer-
ence 65 are a good starting point. With manual control of
uncoupled aircraft motion, there are several issues which must be
addressed. '

As discussed in the literature survey, there exists a large
literature base concerning the use of hand controllers in applica-
tions ranging from simple laloratory tracking studies. to flight
tests. In spite of four decades of research, the fundamental
characteristics of "good" or "optimum" controller design continue -
to elude us. This 1is partially due to the empirical . and/or

"applied" nature of much past research, and the basic biomechani-
cal complexlty of the interface between the pilot's limbs and the
controller's mechanical characteristics. . Although it " is not

practical to attempt to develop the fundamental principals of

controller design on this project, we should take into account
the various controller design factors that are known to influence
manual control system pertormance, and also if ‘possible prov1de.
experimental scenarios that provide a sensitive test of these .
factors. The various factors include physical: dimensions, force-
feel characteristics and their relationship to the vehicle modes
and display varlables being controlled. A summary of the various
factors follow. : - :

Anthropometric Layout

The ‘controller physical-dimeﬁsions and arrangehent should ot

' course ' be consisten;' with the pilots seating -posture and

60
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Harmonization : : i o

.....

controller placement. Some basic cockpit layout specifications

.are given in Ref. 65. Sidesticks provide more restrictive design
.requirements, however, including appropriate arrangement of an

armrest. Statern and Theurer (Ref. 21) suggest appropriate

-lateral and longitudinal neutral .controller positions, and arm-

rest adjustment to accommodate pilot hand size and garment bulk.

Vertical .seat adjustment is apparently adequate to accommodate

pilot size. Finally, armrest angle in the horizontal plane

-should be set to permit the pilot's elbow to be as close to his

side as possible,

Force Feel, Displacement and Stick Gain

Experience with the F-16 suggests that isometric sticks are
less. than desirable in the operational 'environment. -Stick move-
ment allows mechanical stops tc indicate to the pilot the limits
of stick effectiveness. Stick movement also can be arranged to
provide mechanical filtering of disturbances as implied by the
results and analysis of Refs. 13 and 14. 1In fact, it is possible
that there is an optimum controller mechanical impedance that
Interacts with 1limb biomechanical characteristics to minimize
force disturbances while still allowing adequate  controller
response. The NT-33 controller experiments as summarized in Ref.
23 are probably adequate to specify controller-to~displacement
characteristics,

The need for active force feedback or cuing systemsiis still
an open issue. These systems definitely can improve - operator
performance by giving immediate kinesthetic. feedback on the con-

sequences of controller inputs, and can be used to indicate trim’
‘status. However, an active force feedback system implies greater
.complexity then ,a. simple passive fly-by-wire stick. ' Also, to the

extent that a fly-by-wire system is set up as/ a command system,
there 1is .someé  direct -correspondence betwee stick force and
commanded variables such as vertical' "g". Ope disadvantage of

passive stick . feel system 1is the inability] to sense control
system/surface limits which will vary with trim |conditions. Co

_ Stick gain is usually specigied operatidnally in terms of
force 'to. a given .vehicle motion variabie, Galins will be depen-

.dent on CCV mode, but little attention has been paid to optimum
'gains or gain -scheduling for unconventional modes. Gain can have’
a rather broad optimun in manual control scudies, and preference
for higher. gains usually" accompanles training.| Typically gain is

less sensitive around null, and increases by socme factor for
larger force levels to accommodate large siewing commands or con-
trol against large disturbances. These characteristics will have

- to be'worked out empirically, and perhaps shoyld be set to pre-

ferred levels for each pilot subject.

‘Harmonization refers to. the variation in |force feel charac~

teristics between control axes. For hand controller control of

- '; ’ 61
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conventional and CCV modes we have the standard lateral and longi-
tudinal axes in addition to controllers for the unconventional
modes. There seems to be general consensus about having stiffer
pitch control than roll control, with the differences in gra-
dients on the order of a factor of three (apparently the reverse

is true of the Space Shuttle controller which has not proven to
pe very desirable). :

Actuation forces for stick-mounted switches should. be appre-
ciably lower than typical handle forces to avoid inadvertent
control of the conventional modes. 'Details are lackirg, however,
between the specific' harmonization between continuous control
switches and handle forces. Also, for a two axes switch it is
not clear whether gradients in each axis should differ. Judging
from the Ref. 22 finding on the poor directional control of the

- thumb, perhaps dlfferent gradients would be helpful.

Control/Display Relatlonshlps

Past research has shown that the relative display symbol

motion to controller inputs should be direct.. Fixed-base
research has also shown that special display symbols are helpful
in indicating .the direction of controller inputs (Refs. 6, 22).
In a moving-base environment, these cues may be redundant, how:-
ever. Display formats and symbology should be carefully con-

- sidered so that performance with CCV modes is not penalized by

lack of approprlate display information. ‘

The display requirements for uncoupled six-degree-of-freedom
motion may be critical to the effective operational utility of
thesé modes. In discussions with the AFTI/F-16 pilots, two speci-
fic areas of need were identified: . Some form of indication of
the saturation of a control mode and an indication of the energy
state (energy management). Energy state feedback is vital when
modes of motion develop high drag. The saturation warning is
especially important when fixed electrical force sensing controls

are used since there is no motion to indicate. the limits of con- .,

trol. The energy management display is a ‘complex issue involving
not only uncoupled control, but the more conventional controls as
well. This topic is not within the scope of the current. effort.
Suffice it to say - that initially pilots will be unfamiliar with

the amount of drag generated by actuatxon of an uncoupled control
mode.- ~

-Display strategy and symbology ' for 6-DOF application will be
critical for 6-DOF operation (see Figure 26). Candidate displays
must also provide usable status and performance indications.

Energy management, control saturation or remaining authority.as .
well as the standard performance indicators of airspeed, alti-

tude, alpha, beta, etc., will be considered. Additional control

‘symbology for HUD and/or helmet .mounted .sights/displays (HMS/D)

must be developed to provide the pilot with unambigucus feedback

. Of aircraft performance. Specific modes such as Air-to-Air, Air-
to—Ground. .ECM And Navigation may require unique and possibly’

R 3
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innovétiv,e display subjects. Feedback, via displayed symbology:
of the 6-DOF control mode activated, must be provided to the

pilot.

I

PEAFORMANCE lNDICA TIONS

_ A) ENERGY MANAGEMENT

I

B) PERFORMANCE DATA
® AIRSPEED/MACH NUMBER
® RADAR AND BAROMETRIC ALTITUDE
® VERTICAL AND LATERAL VELOCITY
® ENGINE INSTRUMENTS

CONTROL INDICATIONS

A) VELOCITY VECTOR (VERTICAL AND LATERAL POTENTIALLY (‘FF HUD)
B) ATTITUDE (PIT,CH ROLL, POINTING)

C) ACTIVATED DEGREES-OF-FREEDOM

wLT

VERTICAL TRANS

LATERAL TRANS

M.E.

VERTICAL PATH CONTROL

POINTING

D) CONTROL SATURATIONIREMAININQ OR AVAILABLE AUTHORITY

E) Gx, Gy INDICATION -

F) STALL WARNING |

G) ENGINE LIMITS DATA (xAND 3 AT ENGINE INLETS) -

H) WATERLINE SYMBOL (REPLACES YELOCITY VECTOR WHEN VEL VECT IS OFF HUD)
1) TURNING RATE .

® COORDINATED FLIGHT
® WINGS LEVEL TURN

I MODES (DISPLAY)

A) COMBAT
® AIRTO-AIR
® AIR-TO-GROUND
® ECM

B)' NAVIGATION

C) STORES MANAGEMENT

Notes:

-® ECM displays wnl most likely be superimposed on air-to-air and alr-to-ground dlsplays

) Activated degreas-of freedom may depend on

1) Combat mode selsction (e.g., air-to-alr, air- to-giound)
2) Weapon system in use {i.e., dumb bombs, smart bombs, guns, etc)
3) Degree of automatlon (Ie iFFC IFWC, etc)

ar230213-27

Figure 26. Cmdldate Display Requirements Apsoelatod With 6-DOF Technology

While physical and "visual cues can provide much of this

information, it is important to remember that 'pilots will be
iritially unfamiliar with uncoupled motion capabilities and their
physical manifestations in terms of lateral acceleration and velo-~
city..

- a -specific mode' is engaged. The multi-mode control structure
would allow the proper display to be presented to the pilot

_depending- on " the mode selected. The symbology aad - format
required by these .displays. are sensitive and complex to determlne
and are beyond the range of thxs study.

Some of the elements listed above will only be needed when
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3. MEASUREMENT METHODS - In the previous sections we have re-

viewed past experimental efforts and examined possible advantages
of uncoupled aircraft motion. We have -also ‘examined design

consideraticns which may impact the effectiveness of uncoupled
motion control, . A remaining area which needs to be addressed is

~how to measure the control effectiveness. 1In this section, using . .
examples from and knowledge gained during the literature review, .

we will examine methods of measuring the effectiveness of con-

troller implementations 'both in terms of performance and pilot

workload. It may not be practical or even desirable to implement
all of the suggestions in a single experiment. Rather, the
methods suggested should be considered a guzde to poss1ble evalua-
tion techniques.

The effect of contrcller design variables on pilot perform-
ance can depend strongly on task variables and the sensitivity of
performance measures. The term "performance measures" 1is used
here in the broadest context to include measures of system per-
formance (e.g., tracking error, hit probability, etc.), pilot
behavior (e.g., respcnse functions, stick activity) and pilot
opinion ratings. Because of the pilot's adaptive properties, he
can often compensate for changes over a wide range of system vari-
ables to maintain relatively constant system performance, and the
consequences of non-optimum conditions may only be represented in
objective behavioral measures and/or subjective ratings.

By "task" we mean some portion of a mission segment where
the pilot's performance objective is well defined, and pilot-
vehicle responses are stable enough to permit reliable .and
meaningful performance measurements. . The HQDT.task (Ref. 47) is
an example of a stable, well defined task. The terminal phase of
air-to-ground attack, landing approach, .and air-to-air refueling
are additional examples that represent other flight conditions

'and/or performance objectlvns.

In order to achieve reliable sensitivity measures, we must
control the forcing functions that provide command inputs or dis-
turbances to the system. Figure 27 provides a conceptual system
model for providing: K forcing functions and measurements that

focuses on the pilot's controller actions. - Based on displayed

information, the pilot exerts forces on the controller, which
responds according to the biomechanical transfer function Ygg¢ to

' generate controller actions §, which are input to the’ vehicle
. dynamics. The control signal provides one point where a disturb-

ance signal, 83, can be provided to simulate turbulence while
providing a simple measure ©of control effectiveness, the control
error function 64, Also, for single point control 1loops, the
describing function between 6, and 6y can be used to determine
basic pilot response behavior (this approach .is developed for

‘automobile steering tasks in Refs. 9 and 66).
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 TARGET ' " SIMPLIFIED CONTROL INTERFERENCE MODEL
MANEUVERING

VEHICLE MANEUVERING

SYSTEM : VEMICLE

ERROR :
FUNCTION, e PILOT CONTROL STATE

, COMMANDED DISTURBANCE,S .
3 piLoT |7FORCE, Fp + CONTROL |- VEHICLE
DISPLAYS| |« gp{SENSURS 8o SYSTEM EQUATIONS OF COCKPIT
* |AND CNS 5;" DYNAMICS MOTION INERTIAL
- . . T MOTION,
3
ACTIVE . , FORCE MOTION
FosnvcssT':EEL DISTURBANCE, - 9ISTURBANCE,
M . Fq Yy
CONTROLLER FORCE °E§‘E'3§;‘3.E” '
DUE TO INERTIAL} . FQRCE -
MOTION
, iy

Yy =High pass function, depends on mass, damping and tompliance provided by fimb and controiler
Yy, =Depends on controller mass configuration

Figure 27. Conceptual Block Dlag_rm'n for Task Inputs and Measurement Variabies

The control dynamics and vehicle equations of _motion ‘then
develop visual display and motion output. The visual display

_quantity might be referenced to a maneuvering target which pro-

vides a system command input. System errors with respect to tar-
gets or other references (e.g., a lahding beam, refueling probe,
etc.) provide a measure of overall system performance, and
describing functions can be obtained to measure the ability of
the pilot/vehicle system to follow command inputs.

. Vehicle motlons can couple back into’ the control 'loop by
inertially disturbing the limb controller system through the bio-
méchanical transfer function Yf,. Under adverse conditions this
coupling can lead to PIO's. A disturbance can be injected into
this 1loop {ag) to measure the motion coupling dynamics. The
difference ‘between motion and control disturbances (ag and €3
respectively) is ‘that &3 results in direct wvisual feedback
without pilot control-action, whereas ag does not. T

If an active controller force - feedback system is provided,
then a force disturbance (Fg) can also be provided as illustrated
in Figure 27. The purpose 'of Fg inputs would be to measure the
limb controller response dynamics' associated with kinesthetic
cues. 'The measurements would be useful in studying the effects
of variations in controller '‘impedance (i.e., inertia, compliance

" and damping). The action of the force disturbance, Fg, differs

from the motion di sturbance, ags in that the basic for;ce loop
closute does not immlve the vehxcle dynamms.

- 65
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The Figure 27 block diagram represents a simplified, single
control point system. For specific tasks and modes the appropri-
ate block diagram must bpe developed. For multi~control point
tasks (e.g., conventional plus direct force modes), the vehicle
state and motion cuter 1loops are still the same but provisions

-must be made for considering multiple control actions.

If properly designed, more than one forcing function input
can be used at :the. same time. For measurement sensitivity,
inputs should be line spectra with random phasing, and with all
spectral components orthogonal over the measurement period. This
basically amounts to sum of sine wave forcing  function inputs

with random phasing ketween the components, and an xnteger number
of cycles per run length. .

The freq_uency‘ range :Ior each input will differ depending on
the basic dynamics of the given loop closure. For example, the
outer loop closure for following maneuvering targets probably has
a  bandwidth of less than 1 rad/sec, so the target maneuvering
forcing function would have frequencies spacing the range firom
0.2 to 2 rad/sec. The lowest frequency implies a run length of

, about thirty seconds in order to meet the orthogonality condi-

tion. Table 1 summarizes the approximate: frequency range of
interest for each of the Figure 27 inputs., ' :

TABLE 1. INPUT FREQUENCY RANGES AND MEASUREMENT RUN LENGTH

Closed . Measuremant

. Input . Run
, Loop - Fregquency .
porcind  Bandwidth Range "(‘s';g‘,"‘
(rad/sec) ~ (rad/sec)
" Target . o
Maneuvering | 1 o 02-8- 30
" Control S o : -
Disturbance 2-5 05-10 12
Motion A
Disturbance E 1-10 - 6
Force o ' B
Disturbance 10 2.3 3
' QPAIOTIELN
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‘1centtal issue on this ptogect.

Given the above inputs and Fast Fourier Transform (FFT)
capability, we can then measure the dynamic response functions
for each loop at the forcing function freguencies. Also we can
obtain remnant 'measurements at spectral components in between.
The dynamic response functions will give an 1indication of 1loop
closure bandwidths for various controller/mode combinations. ' The

. remnant measure will glve some indication of .the pilot's control

precision, and the degree of. dlsturbance caused by the motion
enviromment,

The above FFT analysis will provide pilot behavioral mea-
sures oOf control precision and -bandwidth. More traditional mean
square error measures can be obtained to guantify system perform-
ance. These objective measures should also be supplemented witnh
pilot subjective ratings of task difficulty and workload as dis-
cussed in the next section.

Example Task - In this section we will take as an example a
specific task and analyze, it to determine requirements for pilot
psychomotor and cognitive behavior, workload demands and appropri-
ate measurements. The example task is an.air-to-ground attack
using conventional weapons which can be subdivided into five

".distinct phases as follows:

o Approach - Set up maneuver relative to target, 'restablish
trim and power settings; select appropriate ccntrol and
display modes. :

'

o Curvilinear Tracking - Roll in to c¢urved approach path;
arm weapcr for release. :

o Transition - Increase roll angle {> 90 deg) and pull nose
down to run=-in line;. roll out and establish stralgh.
run~in dive.

o Straight Tracking = Null out sight .errors, release
~ weapon. o , ,

&6 Pull-Out -~ Afﬁer‘ueapon clearance, establish high g pull
ﬂp. ) ’ ) .

The air-to~-ground weapon delivery task requites beth prycho-

motor and cognitive pilot behavior. Psychomotor behavior (ofers

to controlling aircraft attitude; path, and speed. Cognitive
behavior refers to the pilots supervisory role is setting up the’
maneuver, monitoring aircraft status aside from: the spacific
control task, and the estimation and decision making required to

weapcn release, The pilot's workload -associated with psychomotor - .

and cognitive tasks will be highly dependent on the handling
qualities of ‘the aircraft modes used, and the sophistication of
the fire control system and weapon delivery display format, For
our discussion here, we will assume some nominal display format
and focus on the controller and aitcraft modes which are the

67




Now let us consider some of the detailed task elements 1in
the above maneuver phases that define required pilot behavior and
worklocad demands.

1. Approach

In the approach phase, the dernands oa the pilot are primar-
ily procedural. Following a predetermined checklist, the pilot
selects modes and establishes settings £or. an air-to-ground
attack. Workload 1is probably not very -high here, but under

actual combat conditions there 1is probably a' reasonable anxiety
level.

2. Curvilinear Tracking

During .the curvilinear tracking phase, the pilot 1s holding
a coordinated turn at constant altitude. The psychomotor tasks
consist of compensatory tracking including holding a constant
bank angle and zero rate of climb throughout the turn. Cognitive
workload is encountered mainly in general monitoring of the tacti-

cal situation and aircraft state, continuing checklist procedures

such as weapon arming, and processlng target heading to determine

the timing of the transition phase (i.e., estimation and decision
making).

3. Transition

The transition phase consists primarily of a transient pre-
cognitive tracking maneuver initiated by the pilot at the appro-
priate time to transit from a coordinated turn to the straight-
line run-in dive required for weapons release. The transient
maneuver involves increasing roll angle to approximately 120 deg
and pulling the nose down to the run-in line, fcllowed .by roll-
out into a straight 1line dive. Well learned precognitive
maneuvers do not ' jinvolve much psychomotor workload once trig-
gered. The primary] cognitive workload is encountered in monitor-

ing ‘and timing the [roll out so that the aircraft is lined up with
. the run-in line heading. !

4. stralght Tracerg

This segment involves compensatory tracklng of the bomb51ght,

display. Since accuracy is critical, psychomotur workload is
- high. Cognitive wqarklocad is high as. well because the pilot is
continually estimating and predicting the weapon release timing.

5. Pull-Out

Following weapon release command, the p‘lot wvaits for some

‘short interval to guarantee. weapon clearance then initiates a
high-g pullup. This is initially a precogaitive transient track-
ing maneuver, follgwed by maintaining a constant, safe g level
auntil a desiredra%e of climb is established to regaxn altitude

for additional go-arounds or return to base.. Psychomotor and
cognitive wotrkload are low during this phase. . :
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worklcad anc FPerformance - Measures = In Fliourd e
thetical time iine Of plicl L3yCnTnolsr and cc;nx:zve wor<licad is
illastrated. It snovlc ce. Reqt in Tind trnal tne ansolute work-
load levels and relative cnarzes ifrom phase :c Lhase Tan be a
sensitive functicn c¢f vern.zlie nanilln:r gualities, fire control
system comrpatations, 2nd dispiay format. The .ssue we wisnh tc
‘focus on here are gerf rmance and «or<ioad chan:es ue UL liiter-
ent controller configurations ans flignt modes. WFijure 28 repro-
duces an earlier Figure for the reaser's convenience.;

Figure 28 Gprovides 'a ccnven: 't mwans  f:r  estaolishing
appropriate cpjective. and suh eCil/e mrisrmance wasures. The

timeline 1ndicates that <there are two seshents cf limited &time
duration where steady-state response measures can Le ottalned.
Aileron control (',) and motion disturbances could we 1introducerd
during the curvilinear tracking segment t> sivulate turdilence.
This would then ailow measures of lateral-directicnal contrdl

performance . Curing the straightline Jdive segment, disturbances
could be applied to vehicle path which would allow performance
measures of | path- control. During the transition segment,

transient neasu'es ‘could be developed to guantify how accurately
the. pilot rolls out to the correct target heading anc degr9551)1
anuie. '

Several ditfe:ént categories of pilot subjertive opinion can
be solicited for this task. First, note that the straight track-
ing seégment of air-to-jround attack is the most amenable to
improvement: with CCV mode capabilities. As has been noted 1n the
past ({(e.g., Hoh, Ref. 26) direct side~force control woi1ld help
eliminate ‘the “pendulum effect®™ in bombsight control. Thus,

psychoumotor workload would potentially be reduced during straight
tracklng throuqh the use of direct side force control.

In order to measure 'the above advantage of direct side-force
control, we would like to focus the pilot's attention on the
straight tracking segment, Several categories of subjective
opinion can then be  obtained. The first is -to obtain standard

- Cooper-Harper ratinjys relative to some performance criterion.

Tnis procedure should be familiar to most pilots and would allow
tie-in with other aircraft studies. A second rating could tocus
on “attentional demand® in an oattempt to more directly measure
workload independent of whether performance objectives .are met or
not. This scale could range: from "minimal™ to "excessive™ atten-
tional demands. : o .

A third means of obttaining pilot subjective opiniorn . would
involve relative r.nking of several  experimental conditinns,
This method would be particularly usetul tor tvating several condi-

‘tions experienced 1in -the sane experimental session. Finally,

pilot free-torm comments should be obtained that are tocused on-
task, 'controller and control mode characteristics., These com=

ments  woeuld be obtained in debrictinys ‘at the end oi rung,
sessiong, and the entire experiment. - o S
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SECTION IV
CONLRO'LERS FOR UNCOUPLED HMOTION SIMULATION

The "objective of. this simulation was to gather additional
substantiating data in order to develop design criteria for cock-
pit control devices for uncoupled aircraft motion. Based on the
extensive review of manual control and uncovpled aircraft motion
carried out' in Phase I of this study and o: comments and sugges-
tions .from pilots and engineers within the industry, the basic
issues addressed by this simulation were the following:

o . Use of additional Vcoﬁtrollers mounted on the "Conven-
tional" flignt path controller as opposed to remote or
sepd 1te controllers

o Etfec.s ¢f tasks on uncoupled motion controller character-
1stics ’

o Interaciion. of conventional flight path <controllers
" characteristics and the uncoupled motion controllers
o Influence of motion disturbances on the 'pilot-aircraft
interfaces :

o, Use of thumb and finger isometric controllers as single
axis devices rather than as dual axis controllers.

For this simulation, these issues .were to be addressed using

"methods identified in the literature. These analysis tools

included task performance scores, frequency analysi:, workload'
assessment, and pilot subjective ratings for a number of Jdifler-
ent controllers 1n a variety of environments. [
1. "STUDY PLAN CONSIDERATIONS - Taken in their broadest concuzxt,
the cbiectives outlined above result in an almost infirite tos:

‘matrix of modes, controllers, and tasks. The knowledge wd

experienced gained during Phase 1 of this effort w:s used “o
determine those areas of greatest interest. This knowledge, of-
bined -with the normal -constraints of time and resources,'bervcd

to reduce the matrix to & ‘tractable form.

The ;eduction began fi-.t by,examinimg'tﬁe<modes tound use-
tul in the literature. rhese include longitudinal and latecal

~modes such as:

Longitudinal Mc es

o Vertica! PathiCon;roi (VPC) - Normal load factor control
‘at constant angle of attack ' '

- o Vertical Translation (VT)" - Vertical acceleration/
' velocity control at constant aivcratt attitude :

‘o Fuselage. Elevation ‘Aiming .(FQA)- - Pﬁselagé”'dngie'iof
~attack control.at constant load factor :

.\‘
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o Drag Modulation (DM) - Velocihy controcl at constant
Lhrust sciting

0 Maneuver Enhancement (ME) =~ Blending of conventional and

uncoupled responses to provide quicker response and/or
improved ride gualities : -

Lateral Modes

o Wings Level Turn (WLT) - Heading control with no sideslip
- or roll attitude change

o Lateral Translation (LT) - Lateral acceleration/velocity
control without yaw rotatlon or roll mot;on

o] Fuselage Azimuth Aiming (FAA) - Azimuth angle control
with no lateral load factor..

After reviewing this 1list, drag modulation and maneuver
enhancement were eliminated from consideration for the simula~
tion. Maneuver enhancement usually <combines conventional and
uncoupled response on a normal -flight controller. Specification
of controller reguirements for this mode are probably best
covered by the existing conventional sections of the MIL~-

STANDARD. Drag modulation is a wmode which may be very useful;

however, it does not lend itself to flying qualities evaluation
using the same tasks and methods as the other uncoupled modes.
These modes should be examined in a future effort.

when reviewing the literature, it becomes apparent that when

. longitudinal and lateral unrncoupled modes are examined, simultane-

ously, the lateral modes stand out as having the greatest poten-
tial appllcatlon. The longltudlnal axis of an airplane is by far
the most pow.rful axis. It is used to change the aircraft pitch
attitude and aircraft altitude. It is also the prime motivator
in . changing aircraft heading. However, using the 1iongitudinal
axis to change heading first c¢equires that the aircraft be rolled’

............

to put ' the 1lift vector in ‘the -necessary orientation. _If a

constant altitude is desired (i.e., a level heading change), then
the pilot must blend 1longitudinal control force with aircraft
roll attitude. Estimation of the proper lead is also necessary

to ensure that the aircraft can be' stopped (i.e., rolled out) on

the de51red heading.

The lateral uncoupled modes provide the p1lot with a means’

of controlling aircraft fuselage hecading and flight path direc-

tion, separately or combined, by manipulation of one device in,

the cockpit. This greatly simplifies the pxlot headlng control
over: the range ot authority available,

For this reason, it was decided -to limit this simulation
primarily to investigation of .controllers for the lateral modes.
A limited evaluation ot controllers for vertical .translation in
an ‘approach and landlng task was conducted, however. The use of

_vertical translation in this, task had shown potential benefit for

control of touchdown d13per310n in precxsxon landing tasks.

e
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. The next simplification was made by a decision to conce -

- . trate on Class IV aircraft and tasks. This was felt to cover the
widest range of uncoupled motion application, including weapon
~delivery, while also covering the area where uncoupled motion
would be useful for other aircraft, i.e., approach and landing.
. Two tasks . were considered which would be applicable to other'
class aircraft. These included terrain following/terrain avoid-

ance and low altitude parachute extraction of cargo from airlift

: craft. While interesting, it was felt that these tasks would be

. "E best left to future specialized efforts. ' '

B N R

The remaining area of the simulation test plan to be con-
sidered included exactly what controllers to examine and what
characteristics to consider. Seven basic considerations of air-
craft controller design were identified in the literature review.

I These included:
(1) Force-displacement characteristics - The amount of dis-
placement for  a given = force, (e.g., - nonlinear

gradients, breakout forces, force limits).

(2) Force feedback and trim cuing - Control system and sur-
face forces reflected at the controller (e.g., parallel
vs., series trim systems, stick shakers, motion stops)

(3) Harmonization - The relative force-displacement charac-
C teristics between control axes (e.g., lateral versus
l longitudinal stick force levels) .

K {4) Controller input - .aircraft response characteristics -

- 3 ' . : The amount of aircraft response (pitch rate, normal

g acceleration, etc.) for a given input to the controller
by the pilot (force or deflection). ' :

. +{5) Motion coupling and disturbance - Aircraft motions

’ o ' which inartially couple into control axes or  interfere

. _ with the pilot's control manipuiation (e.g., bobweight
' effects producing control cues and commands) '

- (6) Controlléer/display relationship - The relationship:"
: between controller actions and display response (e.g.,
.controller -logic versus out3ide-in - or inside-out
display) : : ' .

(7) Static anthropometric controller characteristics - The
physical size and 1location of the manipulator with
respect to the pilot (e.g., circumference of the con-
troller compared with the pilot's hand size). ‘

The first four of these areas ‘are dependent on some
knowledge of the input-output relationships that are acceptable
to che pilot. These include the mechanical controller character-
istics, of breakout force -and force-deflection, -as well as pilot

.input/aircraft response relationships of ' deadband and maneuver .

'.73<
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gradient. The maneuver gradient is defined as the ratio of the
change in pilot i.:put to the <change 1in aircraft response.
Without knowledge of the preferred input-output relationships and
the maximum authority required for the task, the designer has

littie idea of what range of force and displacement characteris-
tics are required for his design.

There are an infinite number of combinations of maneuver

" gradient and uncoupled mode authorities which could be examined,

particularly if dual gradients are considered. With dual force-
deflection and/or maneuver gradients, it is necessary to define
the breakpoint and degree of slope change. In order to determine
these characteristics, the designer must have some knowledge of
the . preferred gradients ror fine tracking to define the inner
slopes. In addition, he must know at what authority level to
change from a tracking gradient to a steeper acguisition
gradient. Since there are no clear definitions of even the
simplest 1linear gradients for uncoupled mode control, it was
decided to concentrate on linear gradients for this simulation.

The fifth consideration on this 1list, motion .coupling and
disturbance, was addressed during the' simulation. The mechaniza-
tion and results of these studies are preseated in the spectral
analysis. Items (6) and (7) were not experimental variables in
this simulation. However, pilot comments and suggestions were

collected on the head up display (HUD) format and controller
size, shave, and lecation in the cockpit. ' '

The selection of controllers for the simulation was based on
devices identified ‘in the literature survey and on availability
and time constralnts. It is felt that the controllers chosen

represent a cross section of previous -experience and recent.
developments in controller hardware. -In keeping with current

trends in aircraft control system :and cockpit design, a sidestick

controller was chosen as the primary conventional response con-

troller. The controller . is similar to those used in recent,
advanced helicopter simulations (References 56 and 71) and incor-
porates two additional control axes. The sidestick: can be
twisted about its vertical axis .or heave‘inputs can be made by
applying forces along the vertical axis. The sidestick also has
a .thumb operated miniature joystick, mounted on tcp of the stick
grip,. which provides additional control input capability. Other
controllers wused in the simulation included rudder pedals, a

_thumbwheel operated by the pilot's left hand, and a. twist

throttle similar to the one used on the AFTI/®-16 (Reference 51).
A detailed descrlptlon of these conLrollers appears in Section 3.

The controller characterlstlcs which 'wzre oxamxned -are shown_

in Figure 29. For the rudder pedals, both the. force-deflection
and input-output relationships were varied. For the remaining
controllers, the force-~deflection ‘characteristics were flxed and
the 1nput-output relatlonshlaa were varied.

R
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a) Mechanical Characteristics '
to be Varied (Rudder Pedals Only)

Force

Force-Deflection
Gradient

Breakout Force

b) Inﬁut-Output Relationships

‘to be Varied (All Cpntroliars)

’ .Defiection

Command

Manuever
Gradient

Deadband |

Force

QP43.0080-4

" Fighro-zs. Controller Charactdriitlcs to be Examined

~
.
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2. SIMULATOR DESCRIPTION =~ The simulation was conducted on the

‘Large Amplitude Multimode Aerospace Research Simulator (LAMARS)

at Wright-Patterson AFB, Dayton, Ohio. LAMARS, shown in Figure
30, consists of a five~degree-of-freedom beam-type motion systenm
which carries a single-place cockpit enclosed by a spherical
display dome on the end of a 30 foot beam. '

GP43.0089-89

Figure 30. LAMARS Motion-Base Simulator

" The visual display system uses the inside of the 20 foot
diameter dome as a wide angle spherical projection screen. A
sky-earth projector and a target projector provide the pilot with.
a visual representation of the outside environment. The display
provides a 266° field-of-view in the horizontal plane and 108° in
the  vertical plane for the sky-earth presentation. A terrain

‘board. system was used 'to project a 45* wide by 36° hightly de-

tailed ‘terrain image for simulation tasks at low altitude. - The
cockpit design is compatible with all modern fighter  aircraft

configurations and can ‘be readily cdapted to different configura-
tions. ' ' ' ‘

The motion system is used to provide onset cuer at the pilot
station .in proportion to those experienced in actual flight. For
this simulation tne onset vertical accelerations experienced by
the pilot were 0.15 of those that would be experienced in flight.
The lateral accelerations were scaled by .a factor of 0.1, ' Beam
lateral and ,vertical travel is limited to #l10 feet with instan-
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taneous acceleration limits of +3 g's vertlcally and +25 degrees.

~ Maximum angular acceleration are +400, +460, and +200 “degrees per

second in pitch, roll, and yaw, respectively. ~Washout filters
are 'used to maintain actual simulator motion within these limits.
Additional dynamics due to the simulator are not clearly defined
at this time and were not accounted for 1n the ‘results derived

- from this simulation.

The air-to-ground weapon delivery and approach and landing
tasks utilized the terrain board system. This system consists of
two illuminated three-dimensional terrain models. Each model is
equipped with 1its own gantry-supported, optical-probe equipped
television camera positioned by computer controlled servos.. Each
model, mounted vertically, is 15 feet hlgh ‘by 47 feet long and
includes scale models of hills, deserts, rivers, lakes, and urban
and rural terrain. One model represents an area 1l by 36 nauti-
cal miles (1:5000 scale). The other model represents a subsec-
tion of the 1:5000 board which is 3 by 11 nautical miles (1:1500
scale). The area duplicated on the two boards includes an
airport complex complete with strobe and approach lights, airport
traffic control 1lights, and full category II -1lighting. The
viewing area is continucus in heading and roll but limited to 24
degrees nose up and 47 degrees nose down in pitch. The maximum
angular accelerations are 300 degrees per second squared in pitch
and yaw and 500 degrees per second squared in roll.

3. CONTROLLERS - The general cockpit .layout is shown in Figure
31. The controllers examined during this simulation included
rudder pedals, a 4-axis sidestick controller incorporating twist
and heave as additioral inputs, a thumb . operated controller
mounted on the sidestick, and a twist throttle grip'simllar to
that on the AFTI/F-16. Add:tlonally,- some testing was done  in
the landing =zonfiguration using a thumbwheel mounted on & gr1p on
the left hand side of the cockpit.. .

The 4-axis sidestick and the thumb operated mlnxature joy-
stick provided an output proportional to the applied ' force._ The
force-deflection . characteristics for these controllers were
fixed. The pitch and roll axis of the sidestick had " force-
deflection gradients of approximately 40 pounds per inch with a
maximum.displacement of .4 inches at the grip center. The twist
and heave axes were stiff endugh that the pilots could not detect
their presence when only conventional control responses were com-

manded. The twist force-deflection gradient was 12.0 inch-pounds o

of torque per degree of deflection with a 4 degree maximum deflec~
tion each side of neutral. The heave axis had a maximum deflec-

" tion of +1 inch about neutral with a force-deflectlon gradient of

320 pounds per 1nch.

, “The thumb operated .miniature joystick, —or” thumb button
controller, was mounted on to5p of the "stick grip. The pilot
would command an xnput by applying a force with his' thumb on an

'1nverted coolie-hat button. Maximum force ‘was 5 pounds . uxth a’
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Figure 31. Cockpit Controtler Location

maximum deflection of approximately .06 inch, nearly isometric in
appearance to the pilot. Figure 32 illuscrates the control grip,
including the twist axis and the thumb controller. Also shown

are possible, control modes which could be implemented on each of
the control axes.

Past experience with sidestick controllers had indicated the
desirability of an armrest, both for steadying the pilot's arm
and providing pilot workload relief, For this simulation an
adjustable armrest was provided. The sidestick and armrest

‘installation on the right cockpit console are shown " in Figure 33.

bepending on exact pilot seating pnsition, the installation.
placed. the pilot's elbow at approximately & 'right angle. This

. places the elbow close to the body with his forearm on the arm-

rest. This installation was dictated by cockpit constraints but

is in close agreement with the recommendations of Reference 21.°

The rudder pedals were a McFadden hydraulic loader system
which offered great flexibility in configuration selection. Fore

"and -aft neutral position was adjustable for pilot comfort.

Rudder pedal position' was used as the input to the simulation
model. For this investigation the pedal deadband was set to
zero; the friction to 1.5 pounds, and damping to 0.797 pounds per
inch pe:r second., These values were held constant throughout the
simulation. The -<controller functions varied during the simula~-
tion were the breakout, linear gradient, and stop position. Each

configuration ‘was hand set and verif;ed by the azmulator opera-~
tors ptiot to each run.
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The throttle used during the simulation was similar to the
one used on the AFTI/F-16. The throttle moves in a linear track
parallel to the aircraft waterline. The grip extends horizon-
tally from the track. The installation is shown in Figure 34.
The unit contains an additional control feature which allows it
to be twisted about the horizontal axis as shown in Figure 35,
This implementation corresponds well to the responses generated
"by the uncoupled  modes, particularly fuselage elevation aiming
and vertical path control. ©Due to the concentration on lateral-
modes and some mechanization problems, only limited evaluations
of its use during approach and landing were conducted.

co © . GPa300888?

Figure 34. Throttle Grip Installation

A thumbwheel controller mounted on a suitable grip and oper-.
ated by the pilot's left hand was ¢onstructed. , The installaticn
of this controller is shown in Figure 36. Use of the ‘controller
required that the throttle throw be reduced to approximately one
inch. This did not cause serious problems due - to task - and
dynamics selection which minimized or eliminated any change in
throttle position. Such ‘an installation is obviously not suit-
able . for actual aircraft use. This controller was used to gather
pilot reaction to an unconventional controller:which was not part .
of the primary controller (i.e., sidestick). The thumbwheel was
spring -loaded to center and could be rotated approximately 90°.
~each side of neutral. Unfortunately, a -tight schedule forced

-. testing with the. controller to begin soon after its fabrication
" by personnel at WPAFB and prior to a detailed calibration check.

80




Vertical Translation,or = -
Vertical Path Control, or
Fuselage Elevation Aiming

m

; o , GP43.0088-4

Figure 35. Twist Grip Throttle

o G300 €6

T D L Figure 36. Thumbwheel Qonﬁoilgr ‘nsiallalion I




Due to the failure of the return spring during testing, it was

. not possible to conduct a post-test calibration to determine the
exact force-deflection characteristics. Ghest estimates place the
maximum input force at 5 poundes wi*“ a nearly linear force to
rotation . gradient. The thumbwheel was 1 inch in diameter.
Comments on controller configurations will be based on estimated
degrees of rotation to reach full command in the case of maneuver
gradient and deadband examinations.

4. COCKPIT DISPLAYS = Pilot cockpit displays used in previous.

simulations and specific recommendations for display requirements
to effectlvely implement uncoupled aircraft motion have been iden-
tified 1in previous sections. However, computational and time
constraints forced the use cf simplified display formats for this
simulation. A standard set of fighter aircraft instruments was
included on the cockpit panel.  In addition, a Head Up Display
(HUD) was projected on the simulation projection screen. The
format of the HUD was a function of task and will be discussed in
each task description. Pilot comments indicate that the simpli-
fied formats did not detract from the fidelity of the simulation.

5.. AIRCRAFT MODEL DESCRIPTION - The generic aircraft program
used for this simulation was developed by McDonnell Aircraft
Companry (MCAIR). The program is designed to allow simulation of
handling qualities dynamics of an actual or hypothetical air-
craft. This program has been used at MCAIR to evaluate aircraft
handling qualities. The primary advantages of the program are 1)
the ability for the user to quickly and easily implement conflau-
ration changes and 2) the speed of the computations.

_ The simulation uses =ransfer  functions to specify body posi-
tion relative to 'the -velocity vector. The resultant accelera-
tions produce changes in the wvelocity vector orientation.
Gravity terms are included when calculating the accelerations.
The major simplification used for this program was that the air-
craft rolled -around the velocity vector. This is in line with
current control system design practices and allowed the pilots to

"fly" the airplahe without wusing .the rudderfpedals to coordinate
rolls. :

The characterlstxcs necessary to specify the dynamics con-
sist of frequencies, dampings, time constants, and steady state
controller~-response gains. For this simulation, the tasks were
.selected so as 'to minimize speed variations. By doing so, it was
90331b1n to hold the aircraft dynamics .constant, thereby simplify-
+ing the “odel deflnltxon. : ' - :

6. AIRCRAFT DINAMICS - The ai -craft convertional and uncoupled
"mode dynanics were selected to "»e representative of capabilities
which could be incorporated in next generation fighter aircraft.
Each set of conventional dynamic: was fine tuned for each task so
as not to detract frem the contrcller evaluations. Once a set of

aircraft dynamics had been sele ‘ted, these dynamics were held

constant during that 'series of  evaluations. . ' Details of the

dynamics for each conventlonal and uncoupled mode are given in

~_Volume II.
\,
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As mechanized, the unccupled mode: result in "pure"
responses with no contamination to the other control axes. - Nc¢
drag due to uncoupled mode usage was added during this simula-
tion. It was .felt that this wouid unnencssarily complicate the
¢valuation of the controller characteristizs. In actual use, the
cxag would produce a significant impact 2n aircraft performance. '
any study aimed at a speciiic application of uwncoupled motion
must consider the impact of drag on micsion efrectiveness fow the
configuration being examined. :

For scme of the tasks it was desirable to use &n ammosphoeric
Sisturbance m>del which includ:d turbulence and wind <ffects.
These are described in detail in Volume II.

T SIMULATION TiSKS, DISPLAYS, AND PERFCRMANCE MEASURES - Three
oa ic tasks were used 1in the evaluation of the various controller-
unﬂoupled mode configurations:

l. Air-to-Ground Weapon Delivery

2. STOL Fighter Approach and Landing

3. Air-to-Air Tracking
These tasks were selected because they represent the broadest
rarje of application for uncoupled motion usage.

Where possible, every effort was made to keep the tasks as
realistic and operatlonally oriented as possible. Each task had
been outlined prior to the simulation. -During pilot familiariza-
tion sessions, comments and suggestions on task lmprovements were
solicited and incorporated where possible. Head up display for-
mats ~were changed as necessary. to facilitate effective mode
usage. The following paragraphs briefly 'describe each of the
tasks. Volume II contains a more complete discussion.

a. Air-To-Ground Weapon Delivery + Two air~to~gtound tasks
had been identified for use with the wings level turn modé: air-
to-ground dive btombing and -strafing. For the <fuselage azimuth
aiming mode, air-to-ground strafing waes selected as .the evalua-
tion task. Both tasks were initiated from a pop-up maneuver.

For both tasks, a fixed, hon-depressed aiming cross dis-
played on the HUD was used as an aimpoint. Addztional informa~
tion available to the pilot on the HUD includeﬁ-

o Digital readouts’ af‘ altitude, - airspeed, and pitch
attitcede

o Aircraft velocity vector
) Horzzon line

, The HUD disglay is shown in Fzgure 37, The nondepressed,
fxxed sight . is not 1ndxcative of operatienal display . typea on
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Figure 37. Air-to-Ground Head Up Display (*1UD)

modern fighter aircraft. However, it did serve two purposes.
The fixed s=sight removed sight dynamics as an experimental vari-
able. 'The =zero depression angle eliminates pipper pendulum:
effects durlng roll corrections. Elimination of pendulum effects
had been 'sighted in previous efforts (References 44 and 52) as a
ma jor benefit of un_coupled aircraft motion. Modern ‘control and
sight dynamics can be used to eliminate pendulum effects without
the added complexity. of uncoupled control modes. The same dis-
play was used for the wings .level turn and azimuth pointing
modes. ' ‘ ‘ :

A brief discussion of' task details is g:wen below for each
uncoupled mode examined. Additional ;nformatl.on on the follow1ng
modes is given in Volume II.

(].) Wings LeVel Turn - The wings. level .turn evaluations
began with ‘the use 'of two tasks: dive bombing and strafing.
Pilot comments indicat‘e’d that while the tasks were of about equal
difficulty, the dive ‘bombing task. really did not allow sufficient -
time to evaluate the controller characteristics. .For this reason:
the dlve bombing task was dlscarded. ' :

A The alr—tObground straflng tas,k was initiated at 500 ' KCAS,
500 'feet above ground level (AGL), six miles from the target.
'Three to four miles from the target the pilot initiated a 4g
pullup to a 20° 'climb attitude. At 1500 feet AGL the pllot exe-
cuted an unloaded 180° roll and pulled 2 to 4 g's. The pilot
then rolled out in a 10° dive at 500 KCAS. Tracking consisted. of
stabilizing on one corner of the runway threshold, squeez:.ng the
trigger, translatlng to the opposite corner using wings level
turn and again - squeezing .the trigger. If time permitted the
pilot would also take a -shot at the runway centerline. Recovery
was - initiated at ' approximately 1000 feet AGL. The distance

- between putside targets was approxlmately 275 feet. This profile
_is, 111ustrated in Figure -38. ' . :
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Figure 38. Air-to-Ground Strafing Pop-Up Maneuver

(2) Fuselage Azimuth Aiming =~ The fuselage azimuth aiming
mode, also known as azimuth pointing, allowed the, pilot to point
the nose independent of the aircraft flight path. The . primary
task was an air-to-ground - strafing profile using multiple
targets. This task was initiated at the same conditions and used
the - same pop-up maneuver (Figure 38) as the ‘'wings level turn
air-to-ground “task outlined earlier. However, for this task -
three distinct targets were used. These targets consisted of
three buildings approximately 50 feet wide by 30 feet tall spaced
500 feet apart perpendicular to the run-in lme.

. This 'task was’ felt ‘to of fer an excellent opportunily to eval~
uate ' controller characteristics. Rapid, accurate positioning was

required. Additionally, operation about and through the neutral .

controller position allowed examination of breakout and deadband
characteristics. The only major drawback was the relatively
short duration and high, activity required.  Attempts by and com-
ments from the pilc.s indicated that this task coculd not be accom-
plished usmg the axrcraft conventional response capabxlxtz.es.

, b. STOL Fxghter Approach and Land:.ng. .= The landing task is
another area where the use of uncoupled aircraft  control may
greatly increase precision and safety while reducing pilot work-
load. The increase in precision has significant implications for
carrier based aircraft and aircraft operating from short fields

e r

due to runway dem.al or the use of unimproved airstrlpa.
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The landings were conducted using the terrain board projec-
tion system. The HUD was superimposed on this display as done in

the air-to-ground evaluations. HUD symbology included the infor-,

mation on the air-to-ground display plus an angle of attack indi-

cator and instrument landing system (ILS) crosshairs. The HUD

display 1is illustrated in Figure 39. The ILS crosshairs were
driven with " raw data expressing “deviation from the desired

approach path. Due to the use of raw data and the poor resolu-.

tion of the crosstairs, all landings were made in visual metero-
logical conditions. The angle of attack indicator provided a
reference point for the trim angle of attack and was scaled to
indicate +1 degree deviations from this condition.

Airspeed
Pitch Angle

/- Altitude
370

il\ Waterline Reference

Horizon Reference

l

Angle-of- ' . )
Attack Velocity Vector

Oracket - i o _
\ ILS Crosshairs
- /— (Aircraft Shown High and

Left ot Desired
Path tor Clarity)

GP430088-128

Figure 39. Approach and Landlng Head Up Dlsplay

The task 'selected was to touchdown on a clearly defined 50
feet wide by 200 feet long segment of the rurway in the presence
of 3 feet per second rms [vertical and horizontal turbulence and a

15 knot, 90° wind shear. | The approach was initiated at one mile

on a 4 degree glide slope. The approach speed was 115 knots.
The task started with a 15 knot headwind until 330 feet AGL where

~upon the wind vector was |linearly rotated with altitude to a 90°
. crogsvind at 5 feet AGL. / ' '
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In accomplishing  this task, the wings level- turn mode was
used to establish .and maintain the dJdesired crab angle in the
presence of the wind snear. ,This technique is much the same as
that used with a conventional aircraft, however, wings level turn
provided a direct control of the aircraft velocity vector lateral
placement. Using this mode the -pilots were allowed to touchdown
in a crab. It shonld be mentioned that at the airspeed and cross-
winds K used, this technique resulted in approximately a 7 degree
crab angle at touchdown. - Pilot comments indicated this angle was
near the maximum they would feel comfortable with in operational
use.

The other modes evaluated in this task ‘included lateral
translation and fuselage =~ azimuth aiming. The pilots were

instructed to eliminate the majority of crab angle prior to touch- -’
- down when using these modes. The lateral translation ' mode

allowed the pilot to caricel any crosswind effects while maintain-
ing the aircraft headlng parallel to the 'runway. When using the
azimuth aiming mode, the pilot would establish the proper ground
track using the conventional aircraft responses. The azimuth
aiming mode was then used to eliminate the crab angle prior to
touchdown, Pilot technigue varied somewhat in 'that sowme pilots
would wait to the last minute to use the mode while others woald

us2 the modes cont1nuously during the approach. o

A limited evaluation.of controllers for the vertical transla-
tion mode was conducted ‘during this phase. Two pilots partici-
pated in this evaluation. One pilot used the mode as a means of
alleviating sink rate immediately prior to touchdown. The other
pilot, during this phase, would use the conventional aircraft
response to kill off some sink rate and then use the vertical
translation as necessary to control touchdown point placement.
In all other evaluatlons, the pilots made unflared landings.

The mode dynamics used during the above evaluations are
described in detail in Volume II. 'The actual controller cnar:zc
teristics evaluated in the air-to-ground weapon delivery task are
shown in Figures 40-45 while those evaluated in the approach and
landzng task are shown 1n Figures 46 through 52.

c. Air-To-air Tracking =~ The literature survey had = indi-
cated several possible applications of uncoupled motion control

"in air-to-air combat. . These included the use of wings level tucn

as a fine tuning method, the use of azimuth aiming for accurate

"weapons system aiming, and the use of translation as a defensive

maneuver.,

Initial plans were to examine the use of the wings level
turn and azimuth  pointing. modes., During a task development
session, potential tasks for use with the azimuth pointing mode
were examined. It became apparent that there wo:ld be some diffi=-
culty in defining a continuous tracking ' task using this mode.
Snap-sot type firing solutions were easily obtained, however, the
pilot indicated that wusing the mode' in c¢ontinuous tracking of
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Figure 4. Controller Characteristics Evaluated for Air-to-Ground Weapon Delivery
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" Figure 44. Controller Characteristics Evaluated for Air-to-Ground Weapon Delivery
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Figure 45. Controller Characteristics Evaluated tor Air-to-Ground Weapon Dellvery
Fuselage Azimuth Aiming Mode - Thumb Button Controller.
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Figure 46. Controller Characteristics Evaluated for Approich and Landing
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Figure 47. Controller Characteristics Evaluated for Approach and Landing
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=Contiguralion Breakout | Deadband !\g:::::vnetr '(:357;7 ‘ Max?:num Comtﬁents No. of Evr:?ua‘t)i:)n
No. {Ib) (1b) (Ib/g) Deadband) | Ferce Evaluations Pilots
. {Ib) {in.)
38 .0 005 2.50 0 500 Eftect of 1 1
.9 . 313 0626 Maneuver Gradient 1 .
40 ' 417 0.834 ' 1 1
| 500 1.00 ¢ 1 1
42 833 167 1 1
43 12 .50 2.50 1 2
24 ] 2500 500 2 1
44 0025 500 ' 100 Effect of i |
46 0250 ' . ] Deadband 1 .
47 075 . l ' 1 1

Figure 48. Controller Characteristics Evaluated for 'Appronch and Landing
' Thumb Button Controlier :

.Win'gs Level Turn Mode
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! Maximum | Defiection .
| - ; Manauver Farce at : No. of
Configuration | Breakout | Deacband : -6 :
go. A f (mo (1b) Gradient {Over Maximun Camments Eva"lzét?&:n s Evaluation
: (Ib/ deg) Braakiut) Fores Pilots
{ih) (in.)"
1 "7 0 2.24 15 05 Effect of 1 1
2 5.20 15 Maneuver Gradient 1 1
3 149 10 20 | Etfect of 1 1
4 i 599 20 . I ‘Maneuver Gradient 3 3
5 597 40 3 2
6 896 60 o 2 2
. 143 .| - 2 2
. GP43-0089-87
Figure 49. Controller Characteristics Evaluated tor Approach and Lahding
Fuselage Azimuth Aiming Mode  Rudder Pedals :
| | Maximum | Deftection
) . Miansuver Torque at No. of
Con‘iguration Br_eaklgul Dgadt:l:nd Gradient (Over | Maximum Comments | ;v:‘tg.a t?; ng | Evaluation
No. (in-b) 1 0in-®) 1 (in .ib/deg) ! Deadband) | Torque t Pilots
©oo b ginib) {deg) - .
8 0. 072 1.19 8 .67 | Effects of 1 1"
' ; Maneuver Gradient. .
9 ‘ 179 12 1.00 - and Deadband ’ !
10 _ '3.58 24 2.00 o U B
" 4.80 1.79 12 1.00 1 1
12 9 60 119 81 267 1 1
1y b 143 . 9.6 0.80 ! 1
' ' GP43-0089-80

Figure 50. Co.ntro"er'Charaétaris!ics Evéluated‘!br ‘Approach and Landing
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Maximum | Daflection | :
" . Maneuver Foicz2 at No. of
Conhgurahon Brea:;:ut 9“?&“"" Gradient (Over * | Maximum Comments Ev:‘lzét?t:ns Evaluation
~No. ( {ib/deg) Breakoiit) Force ' Pilots
{tb} (in.}
B 7 0 0.75 5 0:5 Etfect of 1 1
1 _ cadi
' . 5 24 15 Maueuver Gradient 1 1
3 373 25 1 1
1 , 522 3 : 3 2
5 6.72 35 A 3 2
6 - 806 54 2 2
7 298 20 2.0 Effe;t of 2 2
8 597 40 Maneuver Gradient 5 ?
9 ‘ 8.95 60 2 2
GP43-0089-89
Fiéure 51. Controller Characteristi¢s Evaluated for Approach and Landing
Lateral Translation Mode  Rudder Pedals
- : '
‘ Maximum | Deftectiasn .
Configuration| Breakout | Dead Maneuver "| Torque a ‘ No. of
So. ‘ri:a_klg;n :3:‘ 3?,?6 Gradient (Over | Maximum Comments Ev:l:.at?'ns Evaluation
' ’ {in.-lb/deg) | Daadband)| Torque o Pilots
] : {in.-Ib) (deg)
10 0 048 178 19l 099 1 1
1 ' '
o 267 179 1.49 Effects of 1 1
12 - 5.34 358 2.98 Maneuver Gradient 1 1
13 472 107 72 060 | and Deaduand Coy f
14 ‘ 134 90 0.75 1 1

Figure 52, Controtler Charartarishcs Evaluated far Approach and Landing
Lateral Transla!uon Mode
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a maneuvering target was like "trying to integrate six equations
of motion in vyour head." These comments are in line " with
findings from the previous studies which indicated that the best
implementation may be as an automatic mode controlled by the fire
control system. As a result of these flndlngs, only the wings
level turn mode was examined. o

The iritial flight conditions were Mach .8 at an altitude of
1000 feet. Each evaluation was structured such that 50 szconds
of tracking information was recorded. Because of the large area
covered, no terrain board images were used. The 'pilot display
consisted of a 277° sky-earth horizon representation, a projected
HUD image as shown in Figure 53, and a computer generated target
aircraft. The HUD symbology included digital pitch; airspeed and

altitude information. The pilot was also provided with a horizon:

reference bar and veldcity . vectur. The aiming cross was
encircled by a 50 mil diameter reticle which included a range bar
on the outside perimeter. The rdnge bar was scaled such that the
desired 1500 feet value occurred when the bar terminated at the
six o'clock position. The pilots were encouraged to maintain a
constant range to target. If the range fell below 1000 feet or
beyond 2000 feet the run was aborted and the configuration
re-evalueted at a later time. o

Aurspeed _ Pntch Angle '
/ / /—Almude

1000

Reticle
Range Bar
/‘/—. g
Gun

© Cross —— : /—-Horizon Reference
| | _/ | ] .
_Velocity Vector i » o

. GRe300AN-12T -

Figure 53, Air-to-Air Head Up Dispi~y
Target Not Shown for Clarity
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_Alr-to-air fine trackinjy tasks were used exclusively. Two
target types were recorded; one involving near constant altitude,
moderate amplitude target roll motions and one involving small
roll perturbations about a 1level 2g turn. Target airspeed was
held at a constant magnitude. Details of the target dynamics and
pilot tasks are given in Volume II. A summary of the controller
characteristics evaluated 'in the air-to-air task is presented in
Figures 54 through 56. - ’

' Maxim:~ | Deflection
Contiguration Breakout Dea‘dband “g::;::‘r TOO\:': ’.«iax?:num Comments ’ No. pl Ev::ia'tjit)n
0 (1b) tib) (b/g) | Breakout | Ferce Evaluations | pjjoyg
' {b) fin.)
r 7 0 20 20 1 . Effect of 1 1
? 40 40 Maneuver-Gradient 2 2
3 Y 60 60 2 2
4 ) 4 ) 20 20 | Effect - 1 1
5 0 1 1 of Breakout : i
6 15 . ' : 1 1
7 15 60 60 Effect of v 1 1
8 50 . 1 . l Breakout , 3 1
9 25 1 1
0 - 7 20 20 2 |Etectot 8 3
» ’ 40 40 Maneuver Gradient 9 3
12 60 60 8 3
13 4 20 20 Effect R 1
14 10 t | of Breakout 1 1.
15 15 o ; 1 1
16 25 1 1
17 15 40 © a0 ‘ Effect of y 1
18 4 . ’ Breakout 6 3
19 10 4 3
20 - 15 } . ' [ |
21 20 ' , ‘ 3 2
22 - 25 ] o ! 2 2
S 7 20 ] 2 3 Ettectof . 1 1
" o4 ‘ 0 40" . Maneuver Gradient 2 )
EE e %0 .| .60 3 2
26 4 60 " 60 . . | Ettect of 1 1.
27 10 ' {1 Breakout: 2 9
8 ] s '  2 2
29 | 0 ] 2 2

. . "
Dk e nan ity . , , X GP43-0089-81

Figure 54, Controlier Characteristics Evaluated for Air-to-Air Tracking.
‘ © Wings Level Turn Mode  Rudder Pedais
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Maximum | Deflection
Configuration | Breakout { Deadband "G‘r::::l.t' 7(063:: .'.'.;:?f:\um Comments No. of Ev'::ia‘t,i'on
No. (.-} | (n-18) | inibsg) | oadbard)| Torque Evatuations | ™ piots
{iti -Ib) (dng)
30, 0 0.48 12 12 1. | Effect of 9 3
" 24 T o4 5 Maneuver Gradient 16 3
32 l 36 36 3 7 3
33 2.7 12 12 1 Effect of A 1
34 48 . . Deadband 1 1
35 75 1 1
[ 3 2.7 28 2 2| Eftect of 6 3
37 48 Deadband 6 3
38 72 1 1
39 75 3 2
40 9.6 2 1
s GP43-0030-82
Figure 55. Controller Characteristics Evaluated for Air-to-Air Tracking
Wings Level Turn Mode  Twist Grip Sidestick
: ) " Maximum | Deflection
c"'":".m"" "",'b';"'" °"‘?:)'"‘ "G.nm (F(‘;:: Nn::num Comments £ '::,'.::“ sy'::j.;:m
. (Ib/g) Deadband) |  Foree . - Pilots
(1b) {ia.)
41 0 0.05 1.25 1.25 - | Eftect of 5 3
42 . . 250 250 : Maneuver Gradient 5 3
a3 ‘ 3.33 3.33 ? 3
4 500 | s.00 7 3
45 0.5 3.33 333 . Effect ot 5 3
48 1.0 . | Deadband 5 3
47 1.5 1 ] 4 .t
48 08 | s.00 5.00 Effect of 1 1
9 ! 1o Deadband . 1 s
. 50 15 1 1
' QP43.008993

Figure 56. Controlter Characteristics Evaluated for Air-to-Alr Tracking
Wings Level Turn Mode - Thumb Button Controller

9. 'PILOT SUBJECTIVE AND PERFORMANCE RESULTS =~ An extensive analy- '
8is of the pillot ratings, comments, and time history data was
conducted. The analysis is covered in detail in Volume Il. The
analysis techniques used included  Cooper-Harper ratings, histo-
grams and time histories of control inputs ‘and aircraft response,
and pipper error data for the .air~to-air task.

. The results are used to augment data gathered during. the
literature survey to formulate the -criteria presented in the
following section. - - X : S

v
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SECTION V
PROPCSED CRITERIA AND DESIGN GUIDANCE

The ultimate goal of this study was to develop controller:

design criteria for incorporation in -The Flying Qualities MIL-
Standard (Ref. 68, Vol. 1). The MIL-Standard is a skeleton docu-
ment in which requirements are given in verbal form with provi-
sion for insertion of  numerical «criteria by .the procuring
authority. The Flying Qualities MIL-Handbook (Ref. 68, Vol. 2)
supplies recommended values for the «criteria and supporting
information. '

The authors of Reference 68 drew heavily on the current

Flying Qualities Military Specification MIL-F-8785C (Ref. 67) and
its predecessor MIL-F-8785B. These documents are based on '‘many

years. of flying guralities experience deriyved from f£flight test.

experience and dedicated flying qualities experiments. Indepen-
dent control of six-degree-of-freedom uncoupled aircraft motion
has no such extensive history of experience.

Consideration was given to writing.the design criteria gen-

.erated by this study 1in specific MIL-Handbook format. However,

the proposed handbook organization, by axis c¢f control, does not
lend itself to presentation of controller requirements. A large
number of requirements with many applicable paragraph numbers
woild bhe required. Since the criteria are preliminary at this

.stage, a more compact format was highly desirable. In the sec-

tions which  follow, a group of qualitative and quantitative
requirements will be listed. Each will be followed by a discus-
sion section giving the reason for the requirement and guidance
for application where appropriate. '

1. QUALITATIVE REQUIREMENTS + ‘In this section we will examine
those requirements which -apply to application of uncoupled air-
craft motion. The intention is to provide general design guide~
lines applicable to incorporation of any cockpit controller for
use with any uncoupled aircraft responses. For many. of the quali=-

tative requirements given here, it may appear that numerical-

values should be specified. Those cases will be addressed in' the
section on quantitative requirements which will propose recom-

‘mended values and guidance for application based on the available

information. The quantitative requiremepnts will be broken down

by control mode, controller type, and task as necessary.

Also, recommohdations are includeéd for cockpit diéplaysQ

They are included because of their importance to the successful.

implementation of uncoupled axrcraft motxon control.

a. RLQUIRBMLNT:' DEFINITION OF UNCOUPLED MODES

The following table def;nes those motion wvariables which
shall be commanded and constrained for each particular uncoupled
mode- of motion. The required equivalent system and -bandwidth of
each response shall be (as defined elsewhere in the Handbook).
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Longitudinal: Command: Constraint:
Vertical ’I"ranslat.ion. W, W : ' 6
Vertical Path Control - n, ‘ o
Fuselage Elevation Aiming TS n,

Lateral-Directional:

Lateral Translation Loowv, ¥ ' Yr ¢
Wings Level Turn v L, hy ' Br d
Fuselage Azimuth Aiming B, 3 o hy

DISCUSSION: As indicated in the table, more than one possible
command variable exists for some of the modes. The differences
can be categorized as incremental changes in attitude or velo-
city, or as an increment in the rate of attitude or velocity
changes. Contamination in each mode can therefore be determined
by measurement of the constrained varlable(s).

.'While the choice of commanded variable may not .be "directly
related to the controller design problem, several observations
were made during the course of this study. 'The YF-16 CCV and
AFTI/F-16 aircraft command- accelerations in both the vertical and
lateral translation modes (References 46 and 74). In Reference

46, problems with the lateral translation mode were identified as

a somewhat slow response and that the YF-16 CCV continued to
drift slightly after the pilot had removed his control input. As
a result, a velocity command system structure was developed in

-Reference 76, which used opposite command to stop the aircraft

after the pilot removed his input. This system was not flight
tested, however. The discussion of piloted evaluations of the
AFTI/F-16 given in Reference 74 indicate that some pilots felt a
velocity  command system might be preferable to the current
acceleration command system. ' : ' '

The fuselage aiming modes are shown as having two posslble
command variables. The YF-16 CCV and the simulation conducted ‘as

part of this effort ‘used proportional control of the fuselage

aiming angles. During the F<16 CCV flight test program, the
pilots indicated it might be better to command a rate of change
of axmmg angle. Using this technique it would be possible to
"beep” in small corrections wlthout the necessity of holding a
continuous input.’  Such a pomt:mg‘ rate command s;stem was imple-
mented on the AFTI/F-16, While the pilots found the modes
useful, particularly with practice, Reference 74 indicates that
the pilots found the maximum rate of 2 to 3 degrees per second
too slow, More importantly, the reference states that some
pilots. felt a pointing angle command system might' be preferable
to the rate command system tested. While there seems to be some

.conflict in the findings of the YF~l€ CCV .and AFTI/E-—'}.G results,




the answer may lie in the controllers utilized. Pitch axis eleva-
tion aiming could only be commanded by inputs to an isometric
thumb -button controller on the sidestick grip on the YF-16 CCV.
Azimuth aiming. could be commanded by either rudder pedal or thumb
button inputs. On the AFTI/F-16, the rudder pedals are used to
command azimuth aiming and a twist grip feature incorporated in
the throttle is used to command elevation aiming. 1In the simula-
tion conducted for this effort (henceforth to be identified as
the controller simulation), the rudder pedals, a sidestick
mounted thumb button and a twist feature built into the sidestick
were examined as controllers for the azimuth aiming mode. It was
found that while large amplltude proportional commands could be
adequately  controlled using the pedals or twist grip, the thumb
controller was unacceptable. Even with reduced authority levels,
sensitivity problems made the tuumb button difficult to use for
sustained inputs. These findings led to the theory that comments
from the YF-16 CCV program concerning the desirability of the
rate command system may have been influenced more by the inade-
quacy of the thumb controller rather than a basic problem with
the mode. This is particularly true of pitch pointing, where
only " the thumb controller could be used on the YF-16 CCV. Alter-
nately, the presence of a more desirable input method (i.e., the.
twist throttle grip for elevation aiming) may have l¢d the pilots
to the conclusion that a proportional angle command would be

‘preferred.

For the direct force modes, ,wings level turn and vertical
path control, there seems to be little doubt about the desira-
bility of proportional control of flight path rate of change.
Major comments noted in the literature concerne? findings from
the YF-1€ CCV flight test program. The pilots noted that changes
in mode sensitivity with. flight condition during a dive Yombing
run were undesirable. In the AFTI/F-16,K6 flight control system,
the control system gains were scheduled with impact pressure to
alleviate this problem. The wings level turn mode modeled in the
controller simulation was also a constant Ny per unit of p1lot

-input regardless of fllght condition varlatlon.

K

' b. REQUIREMENT: :SENSE OF COl\.LROLLER IMPLEMENTATION

Control motion shall be iconsis.t‘:en_t with airc-ta.ft,motion. '

. DISCUSSION: This ‘requiremént is one of thé ,desi'gn ‘criteria men-

tioned 'in Reference 65. The intent is to' ensure compatibility
among the pilot, the controller and the aircraft response. Pilot

; acceptablhty of the controller is one of the benefits of follow-

i.g this ‘gquideline. Uncoupled mot:.lon control is not a conven-
tional response that is encountered in normal piloc training.
The more natural the controller appears to the pilot, the less

training time will be -required to develop pilot technigque. The

“best means of demonstrating consistency of control actuation and
~aircraft response is through the use of ground-based and in-

flight simulation,

N ' . - ,~'.. .10.0 )
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C. - REQUIREMENT:. CROSSTALK BETWEEN CONTROLLERS

Control activation shall not induce cross—-coupled inputs in
other axes.
DISCUSSION: As more and more control functions are made avail-
able to the pilot, the potential exists for cross-coupling of
combined control functions placed on a single -control grip.
Reference 68 discusses crcsstalk problems encountered between the
pitch and roll axes of the YF-16 isometric sidestick controller.
As the reference indicates, later operational experience with the
F-16 movable sidestick rotated 12 degrees clockwise demcnstrate
very little crosstalk between pitch and roll. The authors of
Reference 70, based on in-flight simulation results, recommend
that the breakout forces of buttons and switches mounted on a
sidestick should be less than one-half the breakout force of the
basic sidestick. These examples serve to indicate the potential
praoblems associated with crosstalk between conventional control
axes. While the examples deal with sidesticks, the problem has
not been limited to these types of controllers, similar problems
have been noted to occur with conventional centerstick
controllers. ' ’

The authors of Reference 65 recognized the potential prob-
lems involved in incorporating additional flight control modes on .
the pitch/roll controller. In a section of that report, entitled
"Control Stick Grip with Special Flight Mode Controls" they
caution the designer to ensure “contrel activation does -not
‘induce cross-coupled inputs is pitcisroll axes." The authors go.
on to recommend that the Jesigner "evaluate in ground-~based and
in-flight simulation the (controller) locations for ease of opera-
tion and test.of cross-coupling.”

. In the controller simulation, three <controllers . were
examined which were part of the conventional pitch/roll con- -
troller, in this case a sidestick controller. These “additional
controllers were a thumb button, a twist axis input applied by
twisting the sidestick grip, ‘and .a heave axis input applied by
vertical forces to the stick grip. Each of these controllers
demonstrated cross-axis. coupling effects. The thumb button con-
troller was mounted ‘on the top of 'the stick. grip. As a result,
when forces were applied by the thumb, there was a tendency to

.- push the stick in the same direction. Since only left-right

inputs were made to the button, the result was-a rcoll input to.
the sidestick. This problem was most noticeable in an air-to-
ground task where rapid, large amplitude inputs were required.
Notice that for this control, coupling only occurs when the
ancoupled mode controller is used. With the twist and heave axis
.controllers, coupling was observed when uncoupled motion was
applied,, However, ¢oupling - from pitch/roll  inputs. into the
uncoupled mode controller was also observed. For the heave - axis
coantroller, this waa most noticeable for pitch inputs, while for —
the twist axis, coupling was most apparent during roll inputs.
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Specific examples of the observed ccupling are illustrated
in the quantitative <criteria . section for each controller
examined. Also, the effect of controller characteristics on the
magnitude of coupling will be examined and guxdellnes for minimi-
zation developed

The point of these examples 1s to emphasize that anthropo-
morphic coupling due to controller geometry is a wreal and recog-
nized problem. In many low gain tasks, the pilot may automati-
cally adjust his control input to account. for the undesired
input. The - situation in which this problem can be most easily
encountered and can' also be the most dangerous 1is in high gain
tasks that require large, rapid aircraft responses. '

Another point which deserves comment’ was observed in the
controller simulation. The coupling of roll axis inputs into the
lateral-directional uncoupled mode controllers was often unob-
served by the pilcts. For the controllers examined, the result-
ing coupling was o%ten in a direction compatible: with the roll
input (i.e.. right roll coupled into mode resulting in motion of
alrcraft nose or velocity vector to the right). In no case
shonld coupling occur which results in an aircraft acceleration
or rotation in a direction opposite to those wof the primary
controller in use. This is supported by the results of negatxve
control system coupllng given in References 26 and 44.

Coupling tendencies should be checked during ground-based

and in-flight simulation. Control input time histories should be
examined as well as pilot subjective comments. Simulation tasks
should be structured so as to produce a reasonable number of high
gain, large magnitude inputs to highlight potential problems.

d. REQUIREMENT: MINIMIZATION OF LIMB CONTROLLER COUPLING

Suificient phy31éal restraint for thé pilot's body and limbs
shall be provided such that inadvertent inputs due to alrcraft
acceleratlons shall be mlnlmlzed._ :

DISCUSSIONT The - feedthirough of axrcraft acceletatxons through

the pilot to the controllers -represents another potentially
dangerous coupling problem. This problem is compounded by the
addition of previously unencountered large lateral acceleratlons
available from some uncoupled aircraft resgonses,

Centrifuge experzments were conducted to investigate the

effects of lateral accelerations on pilot tracking performance
(References 58 and 59). The results indicate that additional
pilot body restraints will be required for lateral acceleration
in excess of 1 4. Additionally, significant control cross-
coupling and inadvertent inputs into the  sidestick controller,

rudder pedals and throttle» were observed due to increasing.

lateral accelerations.
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This problem was also addressed in the ‘controller simula-
tion. Disturbances were injected into the motiorn drives which
were independent .of pilot input. These distrubances were of
small magnitude and high frequency. A 1low frequency turbulence
model was used to mask the appearanre of the high frequency
disturbances. No negative pilot comments were noted addressing
motion feedthrough into the twist grip and thumb button con-
trollers. The rudder pedal controllers appeared to be affected
to a much lesser extent.

In-flight simulation and flight test are-the best places to
examine motion coupling effects due to the presence - of full scale-
accelerations. Fixed base simulation is of no benefit in examin-
ing this problem. Centrifuge and motion base  simulation experi-
ments would-.be .the only ways of examining this problem in a
ground based environment. Each method has-.its .limitations. The
dynamics of a centrifuge are typically teo slow to allow the simu-
lation of actual aircraft responses and the examination of pro-
longed high lateral accelerations is of questionable benefit.
However, advances in centrifuge response - .may prove beneficial.
Motion base simulation, due to travel and amplitude restrictions,
does not adequately represent the problems encountered 'in flight
to provide definite. quantitative information ‘on motion feed-
through. The techniques developed in the. controller simulation
can be applled to 'indicate those areas where the problem 1s most
likely to occur. :

e. REQUIREMENT: CONTROL HARMONY

The limiting values of force specified for uncoupled air-
craft motion controllers shall be ccmpatible with the 1limiting
values specified for conventional controllers in section 3.8.3 of
the proposed MIL Standard and Handbook.

+ DISCUSSICN: The intent of this requirement is to emphasize the
importance of "harmony" in the forces reéquired during normal
controller usage. Most maneuvering requires the use of 'several
~ control . axes  in corbination.” As such, the required combined
forces must be w1th1n the pllot’s capability.. .

Durlng the controller sxmulatlon, certain problems with con-
troller harmony due  to controller displacement ‘were aJso: noted.
he pilots  found conflguratxons requiring: largc rudder pedal
‘deflections to lack harmony with -the relatively small displace-

ments of the sidestick. controller. The twist axis of the side-

stick also exhibited some harmony problems. 'The twist axis was

" ‘nearly isometric, 'providing: little motion at relatively high

levels of torque, Some pilots  noted that this did not seem
ccnpatxble with the small, but notlceable, deflectlon of the side=~
stick in, the pitch and roll axes.

As a minimum, it 13 recommended that ground based simulation.
using tasks requiring simultaneous multi-axis control inputs be
conducted to ensure harmony in the force and deflection characterm
. istics. of the cockpit controllers. :
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£. REQUINF“ENT: RESPONSE TO ZERO COMMAND

Each mode shall be self-cancelling, that is, upon removal of
the pilot's command, the increment of the motion variable com-
manded by the pilot's uncoupled controller input shall return to
zero. Requirements on the time to settle to the zero or .com-
manded value shall be sperified (elsewhere in ti.z handbook).

DISCUSSION: This requirement is intended to ensure that removal
of an uncoupled motion input returns all surfaces toc the com-
mande.. position. Uncoupled moticn control typically means multi-

surface control with surface position determined by a computer.
As .a result, hysteresis problems should be easily managed tc pro-
duce <clean responses, since there are no mechanical 1linkages
between the controller and the surface actuator.

Compliance with this requirement will alsc ensure minimum
impact on aircraft performance. For proportional control modes,
the control surfaces will return to their nominal positions for
zero input resulting in minimum drag. Control modes which employ
rate commands to achieve a desired angle change (i.e., a pointing
rate command mode) should be provided with a means of ensuring
long term returr to nominal (e.g. zero sideslip). The pilot has
no way of knowing exactly when such a mode has been neutrallznd
other than to monitor a dedicated display parameter.

g. REQUIREMENT: CONTROLLER MOTION

‘Uncoupled motion controllers 'shall be designed to make use
of controller deflection as a means of assisting the piiot in
predicting alrcraft response.

’ ‘
DISCUSSION: The problems wlth isometric controllers for conven-
tional aircraft control have been well documented. The potential

for the 3ame prob ems to occur in the use of uncoupled alrcraft‘

motion are quite high.

Modern flight, control systems rely on the use of computers
to position control surfaces in response to a measured command
from the pilot. As a result, there is no feedback (i.e., control
feel) to.the pilot. The design and implementation of an active
force feedrack to the controller is prohlbltlvely expensive and

complex. This lack of force  feedback can lead to problems in -
predicting aircraft' response, particularly if the aircraft -
response is slow. In discussing the design 'of sidestick con-

trollers for conventional control, the authors of Reference 65
offer the following guidelines: ' :

to make the 'greatest use of a pilot's ability to predict
aircraft perfcrmance for those portions of the flight enve-
lope where the flight control system/aircraft cannot provide
rapid, precise response. In instances where most pilots are
known to experience difficulties. in predicting aircraft
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response, increasing total controller displacement in the
axis concerned may enhance pilot capability to predict
response." . .

Trade-offs in terms of speed of input and predictability of
‘response were observed in the c¢ontrcller simulation. Several

maximum deflection 1limits were examined on the rudder pedals as .

an uncoupled mode controller. Variations weie one-half, two, and
three inch deflections using a wings 1level turn mode and an
azimuth aiming mode in an air-to-ground task. In an air-to-air
tracking task, variations of wune, two, and three inches were
examined using a wincs level turr control mode. The pilots indi-
cated a preference for the one and two inch pedal throws in their
comments. These were felt to be near the optimum in terms of
speed of input and predictability of response. The shorter - throw
pedals aided in the speed with which a given command could be
reached, while the definite motion of the pedals assisted in pre-
dicting the response. With the wings 1levzl turn mode, the one
inch throw was apprr~iated for the rapidity with which the
desired heading rate of change could be commanded. Thus, the
shorter pedal throw resulted in a perceived quickening of the
response. For the azimuth aiming mode the two inch deflection
resulted in 1mproved predictability of the resoonse.

Problems were also observed with the twist grip sidestick
controller and the thumb button controller. Both appeared nearly
isometric’' to the pilots and both suffered somewhat from oredict-
ability problems. Neither controller featured a hard stop which
indicated when a full command had been applied. Pilot comments

indicated that the twist grip in particular would have heen more

acceptable if increased motion and a hard stop had been incorpo-
rated. '

In conclusion, while there is a tendency to .use controllers
with the reduced complexxty involved in isometfric designs, it is
important to note that the potential loss in| predictability of

rasponse can be seriously detrimental to th aircraft rflying.

qualities. ' The designer must trade off the nefits of improved

-predictability with the benefits of reduced design complexity.’

It »is‘ réecommended that perceivable motion included in any
design, as well as a hard stop to indicate'control saturation.

h. REQUIREMENT : COMBINED UNCOUPLED- AND CONVENTIONAL RESPONSE

FROM A LONVENTIONAL CONTROLLER

For. those fllght control modes ' blended thh a conventional
response on a standard cockpit controller, the \requirements given
.for that controller in the proposed ‘MIL-Standard and MIL-F-8785C
shall apply.

DiSCUSSION: This requirement' is inténdedA’toU apply to control
modes which incorporate simultaneous blending. of conventional and
uncoupled response from a standard cockpit controller. There is
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little data from which to draw specifiic examples of control char-
acteristics for combined control, There is a significant histori-
cal background for most standard conventional controllers. The
only possible exception is sidestick controllers; however, even
here: the  background of significant experience 1is growing rapidly.
Referernce 70 contains a g¢good discussion. and guidelines for the
design " of sidestick controllers. Since the addition of an
uncoupied mode to a conventional respcnse is typically meant to
augmenc the conventional response, there 1is 1little reason o
doubt that the standard contcoller requirements would apply. .

However, it should be remembered that uncoupled ccntrol
means multi-surface control. As a result, control paths, will
probably be by wire or light rather than direct mechanical link-
age. Additionally, - a <computer will probabdly determire the
necessary surface deflection at each flight condition. This
offers great flexibility in tailoring the response characteris-
tics for weach task. and <Ilicht  condition. Therefore, those
requirements which may be more lenient witn characteristics of
mechanical " linkages must be examined 3in 1light of the control
paths to be used in modern. flight contrcl systems. Ai: example of
one such characteristic would be breakout forces. = In the past,
breakout forces have been used to ensure centering of the con-
troller. As a result it was necessary for the breakout force to
be larger than any friction forces in the control linkage. Where
no linkage exists, the design should coaply with the lower end of

* the recommended range of breakouts. ‘'The designer should also
recognize that some breakout is beneficial in providing au indica-
‘tion «©f neutral controller position, thus the lower limits on
acceptable breakout are given in the exisiing requirements.

' ‘The ‘maneuver enhancement mode examined on the YF-16 CCV is
one example of combined control. In Peference 46, at least one
pilot indicated concern over the response of the aircraft when
encouantering heavy turbulence. The pilot fcund the Tresulting
rapid movements of the flaperons to be disconcerting. Addition-
ally, there appears to -be some concern over the onset rate of
normal load factor and pitch rate in someé of the maneuver enhance-
ment modes. High onset roll rates of conventicral aircraft  have

been shown to cause degradation in pilot acceptance (Reference
57). ' ' ' '

Wiile some’ knowledge of acceptable contzolier' characteris-

tics can be gained from ground based simulation, 'ultimate accept-.

ability must be demonstrated in in-flight simulation and flight
test,. As indicated in Reference 75, the actual accelerations
encountered. in-flight can have a significant impact on .accept-
ability. - S :

i. RE;QUIREMENT:' PILOT DISPLAYS -~

) A display 'shall be provided which unambiquously informs the
pilot what aircraft modes are available, and .which accurately
shows the fipal impact' on aircraft orientation and velocity
~vector as a function ot control inputs.. T
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Information supplied to the pilot shall include at least:

1. Velocity vector (flight path)

2. Uncoupled modes activated

3. Saturation of command indicatiorn for any mode
4. Lateral acceleration/velocity or sideslip angle.

These requirements are in. addition to the .standard information
presented to the pilot.

DISCUSSION: It may seem strange to include display requirements
when discuesing - uncoupled mode controller characteristics. How-
ever, significant portions of the literature review indicated the

importance of proper dlsplays ~on. successful implementation of

uncoupled aircraft responses.

The use of Head Up stplays (HUD) in mogdern fighter aircraft
has provided a unique and exceptiunal method of presenting infor-
nation to the pilot.. While care must be taken to avoid saturat-
ing the pilot's abilities to process this information, some mini-
mum requirements have been idencitied for uncoupled mode usage.
Item ‘1, a flight path marker, s=erves to accurately inform the
pilot of the impact of .his control inputs. 'This is particularly
necessary when considering some  of the unusual attitudes and
responses available when combined uncoupled and conventional
inputs are con31dered u\ .

ﬁultl-mode flight control systems prov1de the capability of
commanding several difierent responsa2s from the same controller
as a function of mode selected. In such cases, the pilot must be
provided with information concerning what modes are activated.
This will serve to reduce the possibility of the pilot sensing

.what he interprets as an uncommanded response to a control input

1f he forgets what mode is active. If the ‘flight control system

~is structured such that only one response is available from .the
- controller at all times, item 2 may be considered as satisfied
thhout pzov1d1ng a separate display item to the pilot.

Items 3 and 4 are closely related One of the b1ggest prob~
lems identified in discussions with pilots from the AFTI/F~16
program (Appendix C) .and the pilots of. the controller simulation
concerned indications of control saturation. Uncoupled’' mode
responses are unique and often not. totally perceptable to' the
pilot. Combine this with the variations in mode authorities with

‘flight condition observed in many implementations and the pilot

is presented with a significant problem when attempting to effi-

ciently apply his control actions. An indication of - when full
available authority has been commanded would go a long way

towards. allowing efficient control force = applications. Con-

- _troller characteristics such as control movement and the use of
" hard stops. tell the pilot when full controlle: commands have been

applied. When a hard stop i3 provided, the pilot knows that addi-
tional force will not provxde more respouse., Without a stop, the

'pxlot may apply excessive forces to the con'tollet in certazn'.
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high gain s‘tuations. These excessive forces result in increased
pilot fatigue and worklcad. For lateral-directional uncoupled
modes, display of the uncoupled response achieved can also serve
to provide saturation feedback information to the pilot.

Demonstration of adequate consideration of these require-. .

ments may be <c¢onducted by extensive full mission ground-based
simulation. However, the designer shouid recognize the potentlal
feeédback cues provided' to the pilot from motion-base and in-
flight testing for full demonstration of compliance.-

This c¢oncludes the discussion of qualitative requirements
addressed to any rplanned manual uncoupled. mode integration. 1In
"the next section quantitative requirements for specific - con-
trollers will be examined. It is suggested that the reader
review that section even if his particular controller is not
covered, since many sSignificant trends for certain characteris-
tics are reviewed. Additicnally, if further research is planned,
it 1s suggested that the conclusions and recommendations section
of Vol. II be reviawed for lessons learned concarning simulation
.and control implementation for uncoupled aircraft controllers.

2. QUANTITATIVE REQUIREMENTS' - This section will examine those
controllers ior which enough data 'is availabhle to give a numeri-
cal range of recommended values. The intertisa is to provide the
designer with a range of controller characteristics which have
proven acceptable 1in previous applications. In general, . the
characteristics which will be addressed include: deflection
characteristics, breakouts and deadbands, and the ..eferred range
of maneuver gradients., Due to the previously mentioned problems
with the infcrmation contained in the literature, the bulk cf sub-
stantiating data will come from the controller simulation. Where
possible, data from previous experlments wxll be used to augment
" this data base.

‘The proposed MIL-Handbook is organized by axis of control,
In following this format, requirements for controller characteris-
tics will be.written tor each mode. In the discussion section
which follows each requirement, specific controllers which have

been used for the uncoupled mode will be examined. Ranges of .

acceptable characteristics for that controller will be identi-
fied. Additional numerical values and comments will be included

which will 4did in meeting the qualitative requxrements 1dent1f1ed.

previously.

a. REQUIREMENT: WINGS LEVEL TURN CONTROLLER’

Use of the primary wings 1level turn <controller shall not
require use of another control manipulator to. meet the heading
bandwidth requirements (shown elsewhere in the handbook). In
~addition, the controller characterxstlcs shall meet the fo;lowxng
-requ1rements.
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o0 Breakout/deadband:
0 Maneuver Gradient:
o Force/DeflectiSn Characteristics:

DISCUSSION: This requirement 1is an expansion on the existing
requirement of paragraph 3.6.1.2.1c of the proposed MIL-Handbook.
The specific controller characteristics listed are felt to be the
primary characteristics for determining controller acceptability.
The controllers which will be examined specifically in this
discussion are rudder pedals, a twist. input to. a sidestick
controller, thumb button controllers, and two types of thumb
wheel installations. These represent controllers for which suffi-

‘cient information is available to arrive at numerical gu1de11nes

for controller design.

RUDDER PEDALS - WINGS LEVEL TURN MODE DISCUSSION: Manv
studies have examined the use of rudder pedals for control of the
wings level turn mode. The majority of these studies were aimed
at proof of concept for the uncoupled mode and did not perform
detailed variations of mechanical controller characteristics such
as breakout/deadband or force/deflection characteristics.
Several studies did examine variations in pedal sensitivity, that
is the unit pilot input per unit aircraft response in the steady
state. However, variations in system authorlty and mode purity
often make it difficult to compare results in' hopes of developing
any reasonable criterion. A

‘'Two " studies, References 40 and 41, performed the first
detailed variation of —controller parameters. Reference 40
describes the initial efforts to’' implement direct side-force
control on the NT-33., Comments or the evaluation of the wings
level turn mode indicate 'the pilots preferred an 80 1lb/in force-

. deflection gradient over a 130 1b/in "gradient. Unfortunately

there is no description of  the amount of controller input that
was requ;red to achieve full ‘command, so no maneuver gradient can
be calculated. In Reference 41, .the direct side-force capability
of the NT-33 was used to simulate the Northrop A-9A wings level

" turn mode. Again, no description of input magnitude required was

given. However, variation in force/deflection gradients were per-
{ormed with 48 lb/in giving improved perfcrmance over 16 and 36
lb/in cases. All of the Northrop configurations incorporated
sideslip "lead" to improve the wings 1level turn heading corntrol.
Pilot comments indicated that a 60 1lb/in gradient on a cenfigura-
tion without "lead" was felt to,be too heavy. Another interest-
ing variation was conducted involving combinations of breakout
and hysteresxs in the rudder pedals. The pilots found they had
more precise lateral control with a breakout/hysteresis combina-
tinn of 3.5/3.0'1lb than with a 7/6 lb combination. It was felt
that the lower combination resulted in a more harmonious control

" system and thus provided more accurate plppe: control, The evalu-

ation task for this study was air-to-ground dive bombing.

’
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In Reference 42, the rudder gedals were also used as the
wings level turn controller in a dive bombing task. The
simulated aircraft was an F-8 with added direct side-force capa-
bility. The rudder pedal travel was 3 inches with a force deflec-
tion gradient of 8 pounds per inch. During the dive bombing run,
approximately 1.0 g of wings lev=l turn authority was available.
Assuming that full command was reached at maximum rudder pedal
travel, the maneuver . gradient would be approximatel; 24 pounds
per g. Breakout force of the pedals was 5.5 pounds. While no
pilot rating data was given, a review of the pilot comments
indicates no ‘particular problems with the controller mechaniza-
tion. The potential problem of motion coupling into the aircraft
controllers was addressed. The pilots indicated. that, based on
observations during the motion-base simulation, control coupling
would not.be a major problem.

.A fixed-base simulation of wings 1level turn dynamics
commanded from the rudder pedals was conducted as part of the
study in Reference 44. Variations in mode- dynamics and maximum
lateral acceleration authority were conducted. As part of this
effort, variations in maneuver gradient were also examined. The
reference develops specific design criteria for the implementa-
tion of wings level turn control on future aircraft. The simula-
tion task was air-to~ground dive bombing. Based on analysis of
time history data, the minimum recommended mode authority was .5
g with a design goal of 1.0g's preferable. Additional criteria
give specific mode dynamics required for good handling qualities.
The rudder pedal mechanical characteristics were fixed. The
maximum deflection was 2.5 inches with a force-deflection
cradient of 44 pounds per inch and a breakout force of 7 pounds.
The limiting criterion {or maneuver gradient Level 1 flying quali-

. ties was established at a maximum of 110 lb/g and a minimum of 20
lb/g. The recommended design goal was established at 38 lb/g.

_ The YF-16 CCV flight test results are presented in Reference
46. As stated in the report, this effort was aimed at proving
the viability. of uncoupled aircraft contrel, rather than optimiz-
ing the individual response characteristics. -One implementation
allowed the use of the. rudder pedals to command wings level turn.
This mode/controller combirnation was evaluvated in both air-to-air
and alr-to-gvound tasks, The flight test program was somewhat
limited in the information that could be derived for a single
mode/controller combination due to the large number of test
points to be c¢overed. The largest single objection noted in the
‘a2ir-to-ground evaluation had to do with the variation in response
with changing airspeed. Some sensitivity  problems were noted in
"a - few air-to-ground tasks, particularly ‘a panel strafing task
. with a low pullout altitude (i.e., shorter £final, - range to
target). '

The. problems observed in the YF-16 CCV flight test program.
are reviewed in Reference 76 - and recommended changes are
developed. . While these proposed changes were never flight tested
on . the YF- 16 CCV, the information and suggested revisions deserve
o closer review, Figure 57 was adapted from the refererice. The
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figure 1illustrates the changes in control sensitivity with
airspeed during the air-to-ground evaluations and the effect of
increasing angle of attack for air-to-air tasks. Also shown are
typical maximum pilot inputs for each of the tasks.
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Figure 57. Ay Mode Control Sensitivity
Adapted From Reference 68

Another area which can produce .se'nsiti_.vity problems 'when
operating . through neutral 'is breakout force. The YF-16 CCV had a
breakout plus deadband A of [fifteen 'pounds, ten pounds due to

~ mechanical breakout and an electronic deadbard of 5 pounds. One

of the recommendations given in the reference was to delete the
electronic threshold and employ only the  mechanical breakout of
the pedal assembly. This, combined with scheduling :gains to
reduce command sensitivity changes, and a new maneuver gradient

" which produced 0.3 g response for a 65 pound total pedal input . |

were recommended to improve precision tracking. The report then
goes on to develop a dual gradient based on a. wings level turn

- anthority of 2.0 g. This recommendation would lower mechanical

breakout to 5 pounds, reach 0.3 g at 60 pounds of pilot input,
then change the gradient to attain 2.0 g at a pilot input of 110
pounds. A triple gradient designed to smooth out the discon-
tinuity at 60 pounds is also defined. The reader is cautioned to
rememhber that there is no test data available to substantiate
these gradient changes, SR o ' '
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In the study of Reference 52, a 30°, high speed (720 kt)
dive bombing task was used to evaluate wing level turn dynamics
on a motion-base simulator. T« ' target consisted of a primary
Fullseye with a secondary t=rget laterally offset 1000 fret. The
pilots rolled in on the primary target at 10,000 ft altitude.
Approximately 50 percent of the time a light would indicate a
switch to the secondary target. Release altitude was 5,000 ft.
The mechanical characteristics of the rudder pedals were: 7
pound breakout, 3.25 inch deflection, 40 pounds per inch force-
deflection gradient (45 1b/in was desired). Three levels of
maximum authority were investigated using a nominal set of mode
dynamics; these were 0.5 g, 0.75 g, and 3.0 'g. Each was mech-
anized to occur at full pedal deflection which results in
maneuver gradients of 260, 173, and 43.33 pounds per g, respec-
tively. The 0.5 g case was found .unacceptable to accomplish the
primary task due to laggy response characteristics of the mode

"dynamics '(equivalent to a 0.75 second time constant).  The 0.75 g
case was adequate for the primary task; however, transitioning to

the secondary task was impossible in the available time before

release. The 3.0 -g authority was more than adequate. Based on
analysis of the time history data, 50 percent of. the time not
more than -1 g of sideforce was used. The maximum observad
lateral acceleration of 2.5 g was used momentarily. Though no

definite statement is made, it is assumed that the 43.33 pound
per g 'gradient was used for the rest of the simulation. Level 1
pilot. ratings were collected for configurations having an equiva-
lent time constant between 0.15 and 0.4 seconds. . The equivalent

~time constant is defined as the time for the respconse to a unit

step input to reach 63.2% of the steady state value.

The Princeton variable stability Navion was used in the

experiments of Reference 26. While wvariation of mode response
characteristics {including various mode ‘“impurities") was the
primary purpose, a variation of <controller sensitivity was

conducted. The fpllowing discussion is taken from the portion of

 the MIL-Handbook | (Reference 68) dealing with results from this

effort. ' Items |inserted in square  brackets = are added = to
facilitate comparison with previous discussions. Figure numbers
are from this report rather than Reference 68. Also DFC stands
for Direct Force qontrol, wings level turn in.this case.

Some .guidance regarding DFC control sen51t1v1;y may
be found in the Reference 115 [26] flight tests '‘of the:
wings level turn mode. The in-flight simulator was set
up so that DFC control sensitivity could be varied.

The pilots were asked to vary the control sensitivity of
each new confliguration to. determine the optimum value,
thereby eliminating it as a variable in the problem. It
was found that the pilot ratings were not dependent on
small variatipns in control sensitivity for either
uncoupled or jdversely coupled configurations.
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The acceptability of configurations with large values
of favorable yaw or roll coupling tended to be signifi-
cantly more dependent on control sensitivity. This is
shown by comparing Figure 59 for high favorable yaw
coupling and Figure 60 for very high favorable roll
coupling with Figure 58 for low coupling. It is inter-
esting to note that the nominal value of control sensi-
tivity used for the very low coupling case (0.008 g/1b)
[125 1b/g] was found to be unacceptably high for the
favorable coupling cases. The scatter in the data shown
in Figure 60 is primarily due to pilot MP. In order to,
‘help explain why MP's ratings are higher than those of
the other pilots, his comments have been annotated near
the appropriate data points in Figure 60. It is clear
that his poor ratings are . based on his fundamental
objection to utilizing roll coupling to improve tracking
bandwidth, although his comments for the lowest sensi-
tivity case indicate that adequate performance could be
obtained in this mode. One interpretation is that pilot
MP's rating of 5 was given to discourage intentional
design of proverse roll coupling to 1mprove tracking
bandwidth. Hence, even though large values of favorabdle
roll coupling may be inferred as acceptable to produce
Level 1 flylng qualities, the de51gner is cautioned
against using such coupllng to overcome an inherently
low bandwidth. This is especially pertinent for con-
figurations‘Where the subject pilot was farther from

the roll axis (than in the Navion) and therefore subject '

 to more roll-lnduced lateral acceleration.
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Figure 58. E"oct o! DFC Manipulator Sonsmvuy Configuration WLT1
Very Low COUpung From Reference 68
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, Oveisensitivity of roll axis,
piiot's head thrown back
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6 While acceptable performance was
possible, a great deal of compensation
was neo_ded beca.usa of abruptness

5 A

i do not feel this is an ideal use of the
wings-level-turn mode
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Figure 60. Effect of DFC Manipulator Sensitivity Configuration WLT12

Very High Favorable Roll Coupling. From Reference 68
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Exarination of the air-to-ground data from Vol. II of this
.report Ianaicates no clear trend for desired maneuver gradients cor
breakcut forces.' In addition, there 1is no apparent preference
for wne pedal displacement over another. The pilot rating
‘results for the one-half inch deflection are shown in Figures 61
and 62. The two inch deflection results are presented in Figures
.63 and 64. It is hypothesized  that the rapid, dynamic nature of
the task may account for some of the rating dispersion. IHowever,
-similar types of results are indicated in Reference 44. ' The
reader is. cautioned that throughout' the simulation the pilots
tended to employ a non-linear use of the rating scale. This non-
linearity manifests itself as a larger change in flying qualities
when going from a Cooper-Harper (CH) rating of 3 to CH=4 (change
in Level), than a change from CH=2 to CH=3 would represent (no
-change in Level). '
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“Figure 61. Pilot Rating vs Maneuver Gradient
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N TS




10

¢ 1/2 in. Pedal Detlection
¢ 25 Iblg Maneuver Gradient
8l : : ) ¢ Air-to-Ground
64—
. Pilot
Rating
- A§~~~ —---——"'_--‘&
- "--"- "
f 2 -
l | ] ! L1 I ]
0 2 4 (<] 8 10 12 14 16 18 20
' ‘Breakout - b
* GP43-0089-15
Figure 62. Pilot Rating vs Braakout
Rudder Pedais  Wings Level Turn  Pilot 8
10 -
Legend e .2 in. Pedal Detlection
e==0 rilot1 * 7 ib Breakout
=0 Pilot2 * Air-to-Ground
——ael) Pilot6
8- —eeed Piot 7
et Pilol 8
(-3 ot
Pitot
Rating
4 P
2}~
o 1 ] 1
0o 20 0 60 - 80 100
Maneuver Gradient - ibig - Gra3.0088-18
Figure 63. Pilot Rati-3 vs Maneuver Gradient
Rudder Pedals Wings Lavel Turn
116

¢ e wa

e Y

o

W AR




10

Legend: A ‘ e 2 in, Pedal Deflection
——{] Pilot 1 * .40 Ib/g Maneuver Gradient
sl _ol = :u.:otz e Ajr-to-Ground
- ot '

~- -7 Pint?
- Piol8

Pilot 2l : 2 '
Rating W_.._ ’
~

a="=Th— - N -—i

2k e
] l ] | | 1 ] | ]
0o 2 4 6 8 10 12 .14 16 18 20

Breakout - ib ‘ . GP43.0009-17

Figure 64, Pilot Rating vo Sreakout
Rudder Pedals Wings Level Turn

The air-to-air tracking phase consisted of two tasks. The
"level target" task consisted of the target performing moderate
bank angle perturbations about a mean bank angle of zero degrees.
The *“turning target"” task consisted of the target performing
small bank angle perturvations about a mean bank angle of 60
degrees. In both tasks the target maintained near constant alti-
‘tude and airspeed (520 knots at 1000 feet).

Three pilots, identified as 21, 22, and 23, participated in
the air-to-air evaluatlons. All three had participated in the
alr-to-ground tasks. : ’

Flgures 65 and 66 compare Pilot 21's and 23 s evaluation of
the one inch maximum rudder pedal configurations. As indicated
by his ratings, Pilot 21 liked the one inch throw. Pilot 23, on

the . other hand, -indicated he had some problems making small,

inputs. With the 40 1b/g grazdient he found himself overshcotlng
the tarqget durlng the turning target evaluations. Satlsfactory
" results were obtained with the 60 1b/g gradient. The breakout
variations for Pilot 21 had been done with a 20 1lb/g maneuver
gradient during the first simulation. Due to Pilot 23's prefer-
ence for the 60 1lb/g gradient, this value was used during this
breakout variation. The difference.in desired maneuver gradients

is thought to be due to the differences in pilot technique-

mentioned during the- simulation, i.e., Pilots 21 and 22 use of
the toes versus Pilot 23's use of . his ‘whole leg due to his large
size. The results of the variatiéns are shown in Figure 66. It
is 'interesting to note that Pilot 21, using the lighter gradient,
appears to be more sensitive to breakout variations than Pilot 23
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using the stiffer gradient. A review of the pilot comments in
Pppendix E indicates. that Pilot 2% noticed the higher breakouts
at che 15 1b 1level. He commented that the configuration seemed
sluggish, especially around neutral; however, he felt the compen-
sation required was minimal and assigned a CH=3.
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Figures .67 and 68 present the pilot rating data for the

three inch pedal deflection configuration. Due to some experimen- .

tation with tasks, the level target data is not directly
comparable. For these evaluations, the level target that Pilot
21 - saw was 2xecuting 30% higher amplitude bank angles ‘than the
target used for Pilot  23. These are referred to as the faster
target points on . the plots.  The turning targets were identical.
Neither pilo: really  liked the three inch pedal deflection as

compared to' the shorter throws. Pilot 23 commented on some diffi-

culties with predictability using the three inch throw. Pilot
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21's comments for the 20 1lb/g cohfiguratlon emphasize the impor—-'

tance of proper maneuver gradient selection. His comments
indicate that he perceived this configuration to have less
damping, with considerable overshoots. Since the wings level
‘turn response was modeled as a first order transfer function and
‘the dynamics were never changed, this decrease in apparent
-damping can only be due to his rudder pedal inputs acting through
the rudder pedal characteristics.
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Figure 87. Pilot Rating v< “faneuver Gradient
Ruddser Pedals :Wings Level Turn .
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Figure 63. Pilet Rating vs Ereakout -
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Pilot 21's ratings for the breakout variation shown in
Figure 68 indicated definite degradation 'in pilot rating for
breakouts greater than 10 1lb. The same krends appear in Pilot 23
evaluations but are emphasized moce by examining his comments..

The CH=4 shown for the 7 1lb breakout case was from the first
evaluation of the three  iich deflection. His' only negative .

comment was that he wis a little siow gettlng on target. His
comments on the 15 a:d 20 1b Dbreakouts, however, indicate
definite problems. Fo. these configurations he found himsel f
making 'many small reversing pedal inputs around neutral when
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followirg the taraet during bank angle reversals. Again, in his
opinicn, this was not severe enough to warrant increasing -his
ratings ahove a CH=4.

211 three pilots examined the two inch pedal  deflection.

configurations. By examining both the level and turning target
data presented in Figure ©9, it appears that the preferred
maneuver gradient would be in the region near 40 1lb/g. There are
no apparent explanations for the large dispersions in Pilot 22's
ratings as shown in this figure.
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Figure 69. Piiot Rating vs Maneuver Gradient
" Rudder Pedals  Wings Level Turn
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The level . target breakout rating data shown in Figure 70 for
Pilot 21 indicates a degradation of rating at a breakout value of
10 1b. For Filot 22 the degradation begins at a breakout of 15
1b. The pilot ratings, for the turning target task are somewhat
confusing. The trends seem to indicate no real preference for -
breakout in the range of 4 to 15 lb examined by Pilots 21 and.22.
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Figure 70. Silot Rating vs Breakout Force
Rudder Pedals ‘Wings Level Turn
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Due to personal problems ard to an unfortunate choice of '~

maneuver gradient (see Vol. Il for details), Pilot 23's -ratings
should be treated with skeptic.sm. ' '

The approach and landing tasks were flown using aircraft.
dynamics that would reasonably be expected for a STOL fighter.
The environment consisted of a 15 knot headwind which sheared to-
a crosswind at touchdown. Mocderate turbulence was used for all
evaluations. Approach speed was '115 knots and 0.2 g of wings
level turn authority was available. '

Examination of the pilot ratings of Figures 71, 72, and 73
indicate a preference for rudder pedal maneuver gradients below
the 300 pounds per g level with the optimum appearing to be -
between 100 and 200 1lb/g. Additionally, Figure 71 indicates that .
one pilot did not like.gradients below 75 pounds per g with the
half inch maximum pedal deflection. 'No clear preference was

indicated for the half inch, two inch, or three inch - pedal
~deflection. One pilot felt one-half inch deflection "~ more

harmonious with limited sidestick motion. Another pilot felt

- prolonged use c¢ould result in "stiff 1legs". The three. inch
"deflection pedals provided no problems but also. no real benefits

for Pilot 21. The data of Figures 74 and 75 generally 'show .
degradation in pilot rating for rudder pedal .breakout forces:
above 7 pounds. A minimum acceptable breakout force was not
observed- .
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. ' Legend:
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Figure 74. Pliot Rating vs Maneuver Gradient
- Rudder Pedals  Wings Level Turn
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RUDDER PEDALS - WINGS LEVEL TURN MODE RECOMMENDATIONS: The
recommended ranges of values for this requirement are::

Breakout _ - between 1 ard 7 pounds for Level 1 and- 2

High speed ‘ - between 30 and 110 pounds per g
maneuver gradients

Low speed : - between 100 and 200 pounds per g
maneuver gradients TR

Deflection - between 1 and 2 inches

When attempting to recommend values for this controller, one
is faced with a multitude of information. Some experiments were
fixed~base simulations, others motion-base. - There are even
in-flight test results available. While there does appear to be
some conflict in certaln areas, some definite conclusions can be
reached.

‘Breakout forces should be between 1 and 7 pounds for levels
1 and 2. This is the same requirement given for conventional

rudder pedals in Reference 67, Section 3.5.2.1. These require- _r

ments are not included in Reference 68. 1In revxewxng Reference

77, the follow:mg paragraph was noted concerning t‘he spec:.flca—

tion of breakout forces:

Although there are many indications that breakout
forces should be a function of control force sensitivity
(angular acceleration per pound of force) or some other
force gradient, this approach was not used. The main
reason for this is that there are not enough data
(relating breakout forces and sensitivity) to justify
the additional complication especially when measurement
of breakout forces is usually quite imprecise anyway..

The results of the controller .simulation support . this

statement. The results indicate there probably -is a relationship '

between' the optimum breakout force and a given maneuver gradient.

As the maneuver gradient is decreased (i.e., becomes more sensi-

tive) the effects of increasing breakout forces are more pro-

nounced. The data supplied by the controller simulation are not
~sufficient to exactly spec1fy this relationship. The data does -

support the .requirements 'given above as a general range of
acceptability. Design to meet this requlrement, particularly the
middle of the range, will insure the minimum impact of breakout
force on pilot acceptance.

Control deflect:.on is often a strong . functlon of available’

cockpit space. With the trend to smallier, more compact crew

stations, there is a tendency to decrease the amount of control-

ler deflection :to conserve space. The information in the qualita-
tive requlrement on control motion, supported by the controller
- simulation ‘results tends to indicate this reduction may not be
wise. Pilot comments from the ‘controller simulation indicated
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that deflection between 1 and 2 inches was acceptable to all
pilots. Smaller values received negative corments from at least
one pilot in each task. Larger deflections resulted in neutral
to negative comments. from all pilots: If a limited displacement
controller is used and lack of predictability in response is
noted, increasing the controller deflection may provide some
improvement . : :

Maneuver gradiént correlations can be derived by -comparing

the results of three simulations. The results of Reference 44
define a recommended range of acceptable maneuver gradient as 20
to 110 pounds per g. The controller simulation and the simula-

tions of References 44 and 52 appear to have found maneuver
gradients in the region of 40 pounds per g at least acceptable
(or nearly optimum) for high speed weapon delivery. 'Based on
these observations, it is recommended 'that the lower 1limit be
raised to 30 pounds per g. The simulation of Reference 42 used a
lighter (i.e., more sensitive) gradient; however, not enough is
known about the simulated response characteristics to make
definite statements concerning the 'control sensitivity. The
in-flight data from the YF-16 CCV prngram tends *o indicate that
40 to 60 pounds per g may be slightly too sensitive for fine
tracking. There are at least two pnssible reasons for this dif-
ference. One may beé due to the differences between ground-based
and in-flight testing such as noted far roll rate dynamics in

Reference 75. Another, and egqually 1likely cause, is the rela-
tively high breakout forces used in that implementation (15
pounds). The results of the controller simulation indicate that

such breakout forces can result in perceived sensitivity problems
when operating about the neutral controller position. A detailed
flight test program using an aircraft capable of cperationally
relevent response authorities (approx. 1 g minimum) w->uld help to
determine the  exact cause. Note that from the discussion of' the
interrelationship between  breakout force and maneuv:r gradient,

- increasing the maneuver gradjent would prcbably ter- to offset

the effects of the breakout at the cost of increasing pJ.lot force
requlred for a glven response.

The YF-16 CCV flight test results indicated a need for mini~
mizing—the impact of flight condition' changes on maneuver gra-
dient (1b/g). This was included in the list of recommendations
given in Reference 76. Such a system was mechanized for the con-
troller 31mu1at10n. . -

oy

The controller sxmulatlon provxded the only detaz.led data on
characteristics for approach and landing. The recommendations
for breakout and: control deflectlon apply here as well. The
recommended range of maneuver gradients is between 100 and 200
pounds ‘per g. Two things drive the recommended gradient up as
speed increases. ©One is the ability of the pilot to modulate his
input using his feet. If a gradient of 40 pounds per g was used
at a flight condition, where only 0.2 g's of authority was avail-
able, the pilot' would have to modulate his inputs between zero
and eight pounds above _breakout.. . This is offset by the other
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effect, as speed decreases, yaw rate for-a given lateral accelera-
tion increases. An aircraft at- 100 knots true airspeed with a
maximum wings level turn authority of 0.2 g has the same yaw rate
capability as an aircraft at 500 knots with a 1 g authority.
Indeed, at low speeds and low authorities, it may be desirable to

implement a constant pilo%t input per -unit yaw rate maneuver

gradient. As speed and authority decrease,. the predominant cue
sensed by the pilot probably changes from lateral acceleration to
visible yaw rate.

Support for the recommended low speed maneuver, gradient of
100 and 200 pounds comes from the in-flight simulation of Refer-
ence 26. While the simulation was structured .to provide response
data for high authority (2+ g) aircraft in an air-to-air tracking
task, the true speed of the Navion (110 knots) compares favorably
with the 115 knot approach speed used in the controller simula-
tion. As noted, in the discussion, pilot opinion varied 1little
with the pure modes when maneuver gradients of 125 pounds per g
(.008 g/1b) and 250 pounds per g (.004 g/lb) were examined.

Future tactical aircraft may employ high authorlty (2+ g)
wings level turn capability. The maneuver gradients discussed
here have been linear gradients based on 1 g or less of available
authority. This has been shown .adequate for medium and five

tracking inputs. - However, such 1linear gradients would probably

be undesirable for use in a high. authority aircraft. Addition-
ally, the inclusion of a digital computer in the flight control
system allows the designer to tailor the maneuver gradlent to
enhance the mode's usefulness. A discussion of dual- ‘and triple-
slope sensitivities was included in Reference 76. Application of
the fine and medium input given here combined with the capability
of the digital computer should make such’ high . authorlty alrcraft
easily manageable and useful.

TWIST'GRIP CONTROLLER - WINGS LEVEL TURN MODE DISCUSSION: A
twist grip control axis was 1incorporated 1in the sidestick used in
‘the controller simulation. The :pitch and roll axes of the
sidestick had force-deflection gradlents of approximately 40
.pcunds per inch with a maximum displacement of 0.4 inches at the
grip center. "The twist axis ' was perpendlcular to. the
conventional pitch’ and roll axes. The twist force-deflection
gradients were stiff enough. that the pilots' could not detect its
presence when only conventional control- responses were commanded
. from the sidestick. The mechanical characteristics of the twist
"axis included a force-deflection gradient of 12 inch-pounds of
torque . per degree of 'deflection with' a 4 degree maximum
deflection each side of neutral. No breakout force. was provided.
Hysteresis wvalues were too small to be measured due to background
noise in the simulation hardware. ' .

+ " The .evaluation tasks for the twist grip were the same as
‘those noted prewviously for the rudder pedals. These -included
air-to-ground strafing, air-to-air tracking, and approach and
landing. The same evaluation pilots that evaluated the rudder
pedals also evaluated the twist grip conflgutatlons.
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Sirce this controller had no breakout force, a deadband was
used to provide a neutral position for pilot reference. A base-
line deadband of 0.48 in-1b was selected. The procedures used
were - identical to those used in the pedal evaluations. A man-
euver dgradient variation was conducted using the baseline dead-
band. A deadband variation was then conducted using the best
manuever gradient. While it would have been ideal to conduct the

deadband variations at the same maneuver. gradient, pilot prefer-

ence differed to an extent that this was not always possible.

The results of the maneuver gradient variations are pre-
sented in Figure 76. As indicated by the figure, pilot ratings
for the lighter gradients differed significantly. However, at 36
inch-pounds per g, an acceptable pilot opinion rating area is
indicated. The deadband variations are shown in Figure 77.
There are insufficient data available to identify .any clear

trends in deadband values. Pilot opinion does appear to differ
somewhat, however. ' '

'
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Figure 77. Pilot Rating vs Deadband
Twist Grip Sidestick  Wings Level Turn

1

. The - amount o©f deadband necessar
coupling can be  determined from the

air-to-ground task.

~to. prevent cross-axis
ata obtained during the

It became. apparent| from observing the runs

and .talking to ‘the pilots during the debriefing that they tended

to make corrections one axis at a ti
plots of the pitch, roll, and wings
.rudder pedals confirmed this phenomenon
. Figures 78, 79 and 80. In Figure 78,
command is plotted along the abscissa
turn command plotted along the. ordinate
well liked by the pilot and received a
almost total separation of control inp
percent pitch command along the abscissal
.turn command as the ordinate. An almost
"trol inputs is seen here also. in both
‘the wings level turn commands  are betwd
the 1lg maximum. Roll rate versus pitd
Figure 80.
should be mentioned 'at this point that
. had zero breakout and approximately 0.2 p
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Again we see a separation

e. Examination of cross

]Jevel turn commands using .’

. Examples are shown in
the percent of roll rate
with percent wings level
. - This configuration was
CH=2 rating. Notice the

with percent wings level
total separation of con-
) these figures note that
pen 40 and 60 percent of
*h commands are shown in
of controdl inputs. It

bunds of deadband.

uts. Figure 79 presents

the pitch and roll axes'
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Figure 80. Roll Rate Command vs Pitch Commiand
' Rudder Pedals Percent of Maximum

Examination of twist grip-wings 1level turn evaluations by
the same pilot reveals coupling tendencies. Cross "plots of
percent wings level turn and roll rate commands are shown in
Figure Bl. Note' the apparent . cross-coupling in both axes and the
reduced wings level turn command -activity. At the maximum
applied roll rate command, achieved during the roll portwns ‘of
the pop-up maneuver, there is approximately a 20 percent wings
level turn command.. The pilot had very few negative comments
about the configuration and assigned a CH=3 rating. . It should be
noted however that the wings level ‘turn to roll rate coupl:.ng

occurred ‘at a time when the pilot did not have visual contact .

with the terrain board. . Also note that the roll rate due to

wings level turn command was between 5 percent and 15 percent of"

the maximum- roll rate command. ) v -
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Figure 81. Wings Level Turn Commanﬂ vs Roll Rate Commapci_ ‘
Twist Grip Sidestick  0.48 In.-Lb Deadband  Percent of Maxlm‘um

Based on the information presented in Figure 81, it appears
‘that the wings 1level turn command- to roll rate command coupling
could be eliminated by  increasing the twist grip deadband to
approximately 7.5 in-1b of torque. Examination of Figure 82 indi-
. cates this is indeed the case. ' This' configuration had a 7.2
in-1b deadband. Coupling of the roll rate command into the wings
~ level turn command is eliminated except at the maximum roll rate
command when the controller is on the left stop. ‘The wings level
turn command is between 60 and 90 percent of the maximum avail-
able. Compared with the rudder pedal inputs of Figure 78, it
would appear that there is some coupling between wings level turn
commands and roll rate commands. This coupling is, however, some-
what more difficult to quantify since these inputs are during the
final target acquisition and tracking. It is also possible to
precisely determine how much of the roll rate activity is due to
coupling and how much is due to desired pilot inputs. Apparently
the coupling was not too severe since the .pilot assigned a CH=2
‘to this configuration. - o - o .
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_ The maneuver gradient and deadband variations for the twist
- grip sidestick used for tne air-to-air task are- present:d in
Figures 83 and 84. It is cbvious that Pilot 23 was much more
sensitive to maneuver gradient variations than tha other two
pilots. Pilot 23 also found this controller to be easier to use
in the turning target task. Based on the level target rating
data it would appear the best results would be obtained usirg
maneuver gradients between 24 and 36 inch-poupds rer g. The data

shown for. Pilot 21 in Figure 84 indicates a definite degradation

in pilot rating with increasing deadband. While the ratings show
little or no effect  for increasing deadband, a review of the
pilot comments indicates a preference. With the increase in dead-
band beyond the baseline .48 in-1lb used in the maneuver gradient
variatiorns, all pilots commented on the increased force required
“to acnieve the 'desired response. They perceived it' as an
increase in maneuver gradient.. At the 4.8 in-1lb level, Pilot 21
complained of. a delay in the rvesponse as well as an increase in
required force. At this level, Pilot 23 felt that he was jerky
~on .his control inputs and tended to overshoot the target. At the
highest level tested, 7.5 in-lb, Pilot 21 complained that too
much force was required and that there was not enough sensitivity

'

in the level target task. In the turning target task he stated:
. “It takes too much to get it going and then it's under-

damped when it does go You can't stop it and it wallows
all over." B = I K
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Pilot 23 co'nmented at this p01nt that he 'was tw1st1ng and getting
nothing. In the case of the level target, he felt he -could
compensate and gave a CH=3. For the turning task he found he had
to degrade to a CH=4. It should be noted that Pilot 21 used a
lighter maneuver gradient than did 22 or 23. How much this

influenced his sensitivity tc the deadband is difficult to judge. '

It is con51stent with the effect Oof breakout observed in the one
inch deflectlon rudder pedals.

10
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Pilots 22 and 23 had also participated in the air-to-ground
evaluation where they were identified as Pilots 7 and 2 respec-
tively. The comparison of Pilot 22's air-to~air and air-to-
ground ratings for the maneuver gradient variation are shown in
Figure 85. Note the similarity in ratings. The lack of trends
of 'preference for a desired maneuver dgradient -are felt to be due
to the pilot's view of the controller in general. The: pilot
never fully adapted to this controller and indicated it was his
least favorite for the air-to-air tasks. Pilot 22 did not
perform a deadband variation sweep in the air-to-ground tasks.
The mareuver gradient comparison for Pilot’ 23, shown in Figure
86, indicates similar trends for both tasks. The apparent accept-
ability of lighter gradients in the- air-to-ground task may be due
to the nature of the task. Because of the requirement to trans-
late quickly from one target to the next, pilot inputs in the air-
to-ground tasks were often more rapid and of larger amplitude
than for the air-to-air task. Pilot comments have indicated that
a. lighter maneuver gradient can result in a perceived quickening
of the response, highly desirable for the air-to-ground task.
The deadband comparisons are shown in Figure 87. The apparent
increase in sensitivity to increasing deadband in the air-to-
ground task is also felt to be related to the differences in
task. For instance, at a deadband of 4.8 inch-pounds in the air-
to-ground task, Pilot 23's comments indicate that the major
problem was coupling of twist axis inputs into other control

axes. These types of comments were not noted in the air-to-air
evaluations. '
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Also during the air-to-air evaluations, one pilot conducted
a series of runs aimed at defining motion effects on pilot con-
trol input. The techniques, procedures and data are presented in
Volume 1II. The results showed that although small dJdeadbands
(0.48 in-1b and 2.7 in-1b) were acceptable to the pilot, spectral
analysis indicated motion feedthrough to the twist grip. At 4.8
inch-pounds, motion feedthrough was reduced however pilot rating
declined to CH=4. At a deadband of 9.6 inch-pounds the pilot
indicated a definite delay in the response. While no motion
feedback was in evidence, definite crosscoupling between roll. and
wings ' level turn were indicated. These results indicate that
while pilots' in the simulation preferred very small deadbands,
controllers with no breakout force may require some amount of
deadband to minimize motion coupling effects. Excessive values
of deadband can lead . to negative pilot comments and also result
in cross-axis coupllng.

For the approach and landing task, review of Figures 88 and
89 indicates no clear pilot opinion on maneuver gradient or dead-
band for the twist grip/wings level turn combination. Pilot 12
did indicate a preference for the lower maneuver gradients. This
preference was also indicated by the comments of Pilot 13, though

it is not apparent. in his ratings. - Pilot 12 was not comfortable .

with the twist grip controller in any of the evaluations. Com—

ments indicate a tendency to tighten up .on the controller in-

order to make twist inputs. Additionally, since there was no
hard stop to indicate saturation, the pilot found that in . tight
simulations he was applying' excessive torque inputs to ensure he
was. receiving full response. This resulted in fatlgue and dlff1~
culties in applylng 1nputs in other axes
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' TWIST GRIP CONTROLLER - WINGS LEVEL TURN MODE RECOMMENDA-

TIONS: The following values have been identified as being
potentially acceptable for this mode/controller combination:

Deadband '5 inch-pounds

36 inch-pounds per g

High speed 4
" maneuver gradients

1

120 inch-pounds per g

Low speed
maneuver gradlents

8 degrees with solid stops

Def lection

Note: ' Rarges of acceptable characteristlcs could not be
determlned.

As indicated in the discuss‘ion.‘-vthe only data available for

‘a twist grip' controller 'incorporated in with conventional pitch

and roll control comes from the controller simulation. Since the

" mechanical force-deflection gradient and breakout could not be

changed, specific recommendations for gradient and deadband char-
acteristics must be 'used with a certain degree of caution. As
indicated in the rudder pedal requirement, controller force~
deflection characteristics. can have a strong impact on pilot

opinion. No limits on acceptable characteristics can be deter-

mined from the above data, however values which have a high prob-

-.ability of being acceptable can be recommended..
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Deflection characteristics for this type of controller
should be increased above the 4 degrees available in the con-

troller simulation. Based on, pilot comments, approximately 8
"degrees of rotation with hard stops indicating application of
full input - should be incorporated in future designs. The

increased deflection would enhance the predictability of the

response. The use of a hard stop combined with increased deflec-
tion would assist the pilot in determining when full control
input had been applied.  This would potentially reduce pilot

fatigue and, as mentioned in the discussion, reduce coupling

tendencies.

Deadband was shown to have potential uses beyond providing a
Jefinite neutral position. One use identified was to reduce
cross-axis coupling from rontrol inputs to the conventional
flight control axes. The use of deadband was also shown as a

~means . of reducing the effect of notion disturbances on pilot

inputs. Deadband values should be as small, as possible within
the restrictions imposed by motion and cross-axis coupling
effects. Similar to the effects noted for breakout, optimum dead-
band appears to be a strong  function of maneuver gradient. - An
initial value of 4 inch-pounds is suggested.’ This value can then
be modified dependent on its compatibility with the selected
maneuver gradient. '

. Maneuver gradients should be selected  to provide precise
control and to minimize possible coupling effects. Based on the
1g authority and linear gradient used in the controller simula-
tion, a value of 36 'pounds per g is recommended for high speed
tracking tasks.. It 1is probably desirable to minimize gradient
variation with flight condition. Although no data is available
for this particular controller, since the gradient was held con-
stant, information mentioned in the rudder pedal requirement indi-
cates this may be beneficial or even necessary. Data for the
approach and 1landing task is somewhat lacking. One pilot indi-
cated a broad range of . acceptable gradients, the other pilot

never really adapted to the controller. A value of 120 inch- B

pounds per g is recommended based on the limited data.

While there is ro requirement on grip shape, pilot comments
indicate a square or elliptic cross-~section would be preferable. '

This would facilitate the twisting action required. 1In addition
the grip should be designed such that the vertical centerline is
aligned with the twist axis in the region of ‘the pilot's hand.
This will help to minimize cross-axis coupling.
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.THUMB BUTTON CONTROLLER - WINGS LEVEL TURN MODE DISCUSSION: .

These devices have also been known as minature joysticks or
isometric thumb buttons due to the limited displacement character-
istics associated with these controllers. They are typically
mounted in the center of the control stick grip. Controllers of
this type were used in the studies of References 43, 46 and 53
for control of wings level turn. No data for controller charac-
teristics or control mode results are presented in Reference 53
since that report concentrated on the use of blended and auto-
matic uncoupled modes.

The largest bulk of data is available from the . YF-16 CCV

flight test program results of Reference 46. This controller was
examined in the same tasks as the rudder pedals examined earlier.
Maximum applicable force was 3.1 pounds with a deadband of 0.1
pounds. Exact values are not known, but if a maximum authority
at full input of 0.8 g's is assumed, the maneuver gradient would
be approximately 3.75 pounds per g. If a maximum authority of
0.4 g's were assumed, the resulting maneuver gradient would be
7.5 pounds per g. Based on the available information, these are
representative of the air-to-ground and ' air-to-air maneuver
gradients respectively. The maneuver gradients varied as a func-
tion of airspeed and normal load factor as discussed for the
rudder pedals. :

A review of the pilot comments in Reference 46 indicates
that the button controller was used primarily to make "beep" type
‘corrections. Some comments on abrupt response and control sensi-
tivity were noted. A review of the run logs indicates little or
no evaluation of the thumb button was conducted in the air-to-
ground evaluations. Overall pilot opinion seemed to indicate the
button was satisfactory for making small, rapid "beeping" correc-
tions, however pedal control was preferable for large, ¢ontinuous
inputs. Additionally; in most instances, the button was used as
a two axis controller with a longitudinal mode on the up-down
axis and wings 1level turn on the left-rlght axis. Some
cross—axis  coupling was noted. A roll attitude autopilot was

.also used in alleviating pilot work load. in the roll axis when

usxng wing level turn.

A thumb’button mounted on a sidestick was also evaluated in
the -controller’ simulation. The sawe evaluation tasks and pilots
used in the rudder pedal and twist grip evaluations were used for
‘this controller. The button used was capable of . acceptlng up to

a five pound input.  Button motion was so slight ‘that the -

controller appeared isometric to the pilot. The controller was
used as a single axis device with only left-right inputs.

The ,pilot rating results of the maneuver gradient and dead-
band variations are presented in Figurea 90 and 91. 1In reviewing

Figure 90, it is apparent that two pilots felt they could use the:

controller effectively and the other two pilots could not. The

thumb button was ‘the least favored controller examined in this -
task. Only‘pilots 6 and 7 performed deadband variations for this -
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controller. It is interesting to note that while increasing dead-

band had a generally negative =ffect on Pilot 6's ratings, the
increased deadband actually improved Pilot 7's ratings.

Pilot. technique changed: when using the thumb button con-
troller. Pilot 6 found that he had difficulty making button
inputs without coupling into the roll axis. For this reason he
appears to have modified his control technique to using discrete
button inputs and estimating the amount of lead to stop the gun
cross on the target. This technique is indicated by the follow-
ing excerpt taken from the  voice tapes recorded during the
simulation. ' '

Well, I've been using it more as an on/off, bang-
bang type controller than anything else. I assume these
are 300 foot wide runways here. If you are just going
between two sides of the runways you don't need: the full
command authority. I don't think I've been using full
command authority, but to get it onto the target ini-
tially, it's just full deflection until it's about maybe
100 feet . away and then I cut the controller and let it
drift over there and settle down on the target.

This technique is graphically illustrated in Figure 92. As
would be expected, there is no apparent coupling between roll
rate commands and wings 1level turn commands. However, it .is
apparent that roll rate commands are present during the wings
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level turn inputs. ’'Notice also that ‘here are only +two high
authority wings level turn commands. From figure 93, it appears

that the wings level turn commands also couple intn the pitch

axis. It is difficult to say that these pitch and roll inputs
are deéfinitely due exclusively to coupling since these inputs
occur during target acquisition and tracking, although based on
the pilot comments the probabilities are quite high that this is
the case. The increased combined axis inputs shown in Figure 94
lead the observer to believe that the pilot is using more of the
conventional '‘response to solve the tracking problem than he had
with other controllers. The button was configured with a 5.0
pound per g maneuver gradient and a 0.025 pound deadband. The
nilot assigned  the configuration a CH=3.
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Figure 93. Wings Level Turn Command vs Pitch Commaend
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The maneuver gradient and deadband variations for the thumb
. controller are presented in Figures "95 and 96.- All the pilots
were sensitive to variations in maneuver gradient. At the 1.25
1b/g gradient in the level target task, Pilot 23 entered a large

amplitude pilot. induced oscillation (PIV) that forced him to

' release the button and—re=acquire the -target ‘using conventional
control before continuing the evaluation. For Pilots 21 and 22,
the  3.33 1b/g gradient seemed to work best and was selected for

. use in the deadband variations. Pilot 23 preferred the 5.0 lo/g.

gradient. He evaluated the deadband variations using the 3.33

1b/g gradient in both tasks and also the 5.0 1lb/g gradient in the

level ‘target task. Increasing deadbhband seems to have had little
effect on pilot rating:; indeed, values of 0.5 and 1.0 1b resulted
in slight improvements in some cases. It is believed these may
be attributed to learning effects as much as anything else. It
4is interesting to note that using the 5 1lb/g gradient, each pound
of breakout ' reduced Pilot 23 maximum authority by 20%. At the
1.5 1b level he could command only 0.7 g of wings level turn.
This appears to have had no effect. on his accompllshment of the
task. The major comment associated with the increase in deadband
was an increase in force required to reach the deSLred response.
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As ihdicatgd in the twist grip discussion, both Pilot 22 and
23 participated in the air-to-ground and air-to-air evaluations.
The thuimb button was Pilot 22's least favorite controller. The

apparent reversal in trend for preferred maneuver gradient shown

in Figure 97 is believed to be due to the diffeorence in the

tasks. The multiple target air+-to-ground task required large,

rapid - inputs to' transition between targets while the air-to-air
tasks - required continuous fine inputs. In . the air-to-ground
task, the pilot experienced severe coupling problems into the
roll axis when testing the higher maneuver gradients. These same
‘'gradients resulted in improved pilot ratings in the air-to-air

.tasks.” The comparison of the deadband variations are shown 'in .
Figure 98. Due to the difference in preferred waneuver gradient,

no strong conclusions can. be made. This prodblem is compounded by
the limited range of deadbands examined by Pilot 22 in the air-to-
ground evaluations. S : co '
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Figure 99 indicates 'the same trend in preferred chumb button
maneuver gradient for Pilot 23 as was noted for Pilot 22. How-
ever, Pilot 23 found the button to le more acceptable in the air-
to-ground tasks than did Pilot 22. - The difference in rating for

. the lighter maneuver gradients shown in the figure is felt to be

consistent with the sharp, high authority wusage previously
described for mode usage in the air-to-ground tasks.
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Flguro 99. Pilot Rating vs Manouvor Gradient
Thumb Button Controller  Wings Level Turn Pilot 23

The approach and blaindingv task was described previously for

' the pedals and twist grip. Figures 100 and . 101 indicate some:
- preference by Pilot 12 for the lower maneuver gradients and dead-

bands. It is interesting to note that at the 5 pound per g
gradient, a one pound force applied by the pilot results in full
command . Coupl;ng this' with the fact that a 0.75 1b deadband
resulted in a pilot.rating of 4 may indicate that the pilot is
not executing fine control inputs. Instead there appears to be a
tendency to use on-off, "beep" type control inputs. Review of
the pilot comments indicated this on-off control strategy was

" used with the more sensitive grip: ana thumb controller c'onfz.gura-

tions in thz.s task.
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THUMB RUTTON CONTROLLER - WINGS LEVEL TURN MODE R‘ECOMMSNDA‘—,

TIONS: General recommendations for the proper implementation of

this type of controller are almost impossible to ‘define. As.
indicated in the discussion, typical pilot technique 1is to use -

the controller to “"beep" in corrections in an on-off input
strategy. The results of the level target evaluations in the
controller simulation indicate that continuous control inputs are

possible, however the necessary maneuver gradient characteristics

make ‘the controller unsuitable for air-to-ground tasks requiring
large, rapid inputs. Additionally, it 1is doubtful that the

controller could be successfully used to control:- high authority

input . above 1g in anything but an on-off application. - The
resulting 1lateral acceleration characteristics are hypothesized

~to be detrimental to pilot acceptance of the controller. For
these reasons, application of the thumb - controller concept is

discouraged.

THUMBWHEEL - CONTROLLERS - WINGS LEVEL TURN MODE DISCUSSION:

Thumbwheel controllers have been examined for varicus uncoupled

control modes in past studies. The principal sources for wings
level turn control come from Reference 40 and the controller

"simulation. In both cases, data 1is lacking on theg;exact

characteristic¢s.

The thumbwheel used in Reference 40 was mounted on the
center stick grip. The axis of rotation was nearly parallel to
the stick ax_4. A spring loaded neutral detent was provided.
However, the thumbwheel rotation was not spring loaded to ‘center.
Pilot comments indicate this ‘'ms an undesirable characteristic

.s8ince the pilot had to  physicaily neutralize the controller to

remove any- command

A left hand operated thumbwheel was examined for wings level
turn control in approach and landing as part of the controller
simulation. . The thumbwheel was spring loaded to center and
mounted on top of a fixed sidestick-like gr;p, aft' of the
throttle. Due to a hardware failure,  exact spring constants are
unavailable. It was possible to apply full command in one contin-
uous motion with the thumb, Pilot comments were favorable, with
one pilot selecting this' controller as " his second ' favorite,
following, the rudder pedals. Only one potential problem was

observed. .Due’ to' the thumbwheel mounting it was possible 'for the .

pilot to place his thumb aft of the thumbwheel (as originally
conceived) or on either edge. With the thumb on the aft' surface,
motions left and right produced right and left wings . level turn
commands, reéespectively. If the pilot placed his thumb on  the
right edge;, then pushing forward resulted ir a left wing level
turn response, One of the pilots commented that it was helpful
when he envisioned the thumbwheel as a steering wheel where clock-
wise rotations resulted in a right turn. Thz only problem
observed was that on ocassion he would place his thumb on the

left side of the thumbwheel without realizing it. Thus, when he

pushed ‘forward, expecting a left turn, the axrctaft reaponded
with a right turn. »
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THUMBWHEEL CONTROLLER - WINGS LEVEL TURN MODE RECOMMENDA-

TICNS:  Further research is needed to clarify specific
mechanizations and to establish deadband and maneuver gradient
characteristics. The research ‘discussed here 'does seem to

indicate potential usefulness of the controller, at least for
small commands. Additionally, .the controller simulation results

indicate "that pilots may not obJect to additional controllers
manlpulated by the left hand.

Force deflectlon characteristics should be such that the con-

troller is self-centering. Because of this, controller rotation
limits must be dJdetermined so that full command can be applied in

one continuous motion with the thumb. Also, the installation
should be structured so ‘that only one unambigous direction of
input is poss1ble to the thumbwheel

b. REQUIREMENT; FUSELAGE AZIMUTH AIMING CONTROLLER

Controllers for fuselage azimuth aiming shall ‘meet the
following requirements: '

o Breakout/Deadband: :
© Maneuver Gradient: ' '
o Force/Deflection Characterlst1c3°

DISCUSSION:. There are currently no requirements for fuselage
azimuth ‘aiming (also called azimuth pointing) mode response
dynamics. However, there are existing data from the YF-16 'CCV
flight test program and controller simulation to develop some
reasonable criteria for controller characteristics. Controllers
examined included rudder pedals, a twist grip sidestick and thumb
buttons. Note that in both studies, automatic implementation
- with pitch pointing in an integrated fire flight control system
was recowmended for air-to-air tracking.

'RUbDER PEDALS - AZIMUTH AIMING MODE DISCUSSION: The use of
rudder pedals to control the azimuth pozntxng mode was examined

.in both the ¥YF-16 CCV fl;ght test program®' and the controller
simulation. The © YF~16 CCV "flight test program results are

presented in Reference 46. Available authority in the air-to-air
tracking tasks was approximately 4.5 deqgrees. . This yields a

maneuver gradient of 11.11 pounds per degree. Breakout . and

deadband total 15 pounds. Pilot <comments indicate that the
rudder pedals were less sensitive, than "a thumb button also
examined. A few comments indicate reasonable controllability
using the pedals. The azimuth pointing mode was typically
matched with thumb button commanded pitch pointing. The major
difficulty seemed to be in determining how to successfully blend

‘conventional and pointing <commands to produce a tracking

solution. The wusefulness of the modes was apparent, but the

proper technique . could not be identified. Pilot = comments

indicated a preference for automatic implementation.
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- In the air-to-groundAévaluaﬁioﬁs:presented in Reference 46,
the rudder pedals seemed somewhat sensitive for fine. tracking,

especially’ near full -authority. ' Additicnally, the maneuver
gradient changed with changing flight condi.‘on during a run,
thus making response  predictability a problem. One . pilot

observed that nose left commands seemed to move the flight path
to the right, requiring more left pedal and so on. This quickly
resulted in mode saturation.. Inadequate 'authority was mentioned
in some tasks. '

The azimuth almlng modé was examined in an ‘air-to-ground
strafing task and in approach" and landing during the controller
simulation. . An attempt was made to  define an acceptable air-to-
air tracking task based on the tasks used in the wings level turn
evaluations. 2After several attempts using the rudder ‘pedals, the
pilot commented "it's like trying to integrate the equations of
motion in your head." Some  ‘benefit for rapid ‘"snap shot"
tracking solutions was noted. Based on the comments in Reference
46 and the results of these task definition runs, the air-to-air
tracking task evaluations were dropped from the test plan.

The air-to-ground strafing task was initiated from a pop-up
maneuver. Three targets spaced 500 feet apart were used. The
pilot's task was to obtain four pointing solutions during the
pass with the center target being the first and last solution.
Ten degrees of pointing were available, with approximately 7
degrees being needed in the. task. Mode dynémics were rapid and
deadbeat. A complete descrlptxon of alil aspects of the task is
given in Volume II.

Pedal displacements of one-half, two, and three inches were
examirned. A 7 pound breakout was used in all evaluations. Two

. pilots, 9 and 10, evaluated the half-inch deflection rudder

pedals. Their pilot rating results for the maneuver gradient and
breakout variations are shown in Figures 102 and 103. . A review

of the pilnt comments indicated .that Pilot 10 liked the short.

pedal throw while Pilot 9 found that the sSshort throw resulted in

,predictability ‘and sensitiVity problems. Only Pilot 9 evaluated

various breakouts using the . 2.5 lb/deg maneuver gradient.: Pilot
10's ratings for the baseline 7 1lb breakout case . are also shown.
Note the marked degradat1on in Pllot 9'3 ratxngs for the 20, lb
breakout force. .
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Figure 102. Pilot Rating vs Maneuver Gradient
Rudder Pedals , Fuselage Azimuth Aiming
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_ Figurs 103. Pilot Rating vs Breakout
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The situation was reversed for the 3 inch pedal deflections.
The rilot ratings from these evaluations are shown in Figure 104.
No breakout variations were conducted for this controller. Pilot
10 disliked the larger throw, commenting on a lack of predictabil-
ity and what seemed to be a slower response. Pilot 9 did not

object to the larger throw; he did, however, prefer the two inch’

pedal deflections. Pilot 9's evaluation of the 4 pounds per
degree maneuver gradient indicates some of the effects of pilot
learning. This configuration was the first three 1inch case
examined and '‘he assigned it a CH=8. The 10 1lb/deg and 6 1lb/deg
configurations were examined next and given CH=4 and CH=2 respec-
tively. The 4 lb/deg configuration was then reexamined this time
receiving a CH=9. The next configuration examined had a maneuver
gradient of 8.0 lb/deg. The pilot commented that the forces were
a little high at the extremes and assigned a CH=3 commenting that
the displacements were .fine, the K force a 1little 1light, and he
could accomplish the task in a satisfactory manner. It is felt
that this configuration probably represents a borderline case
where the pilot was finally able to obtain adequate control after
several attempts. 1Insufficient time was available to perform any
breakout variations with the three inch deflection rudder pedals.

10
Ql& Legend: .-
sk Second Evaluation Q pilor 3
. \— — e amm(}) Piiot §
First Evaluation ’ P N R
6 —
Pilot
Rating \ . 2 : ,k\
- -~ - ' . ™
4~  A-w-a- =L = =0 / ~A
2 ” ~ ,I
- 7 . ‘TA--..-A
2 ) ¢ Air-to-Ground
- ; in. Deflection
' Third Evatuation ¢ * 3in.De _°
! ] ; | | I
0 4 : 8 12 16 R I

Maneuver|Gradient - ib/deg . . .
: : QP1.0008-72

Figure 104. Pilot Rating vs Maneuver Gradient
Rudder Pedals  Fuspiage Azimuth Aiming

inch 'pedal deflections are very interesting. It appears that the
only universally acceptable configuration was the ten pound per

degree gradient. All configqurations shown in Figure 105 had a

breakout of 7 lbs. The breakout variation results are .shown in

Figure 106. Note the rapid dedradation exhibited by some pilots )

on either side of the 10 1lb/deg gradient, - It is unclear what
caused the dispersion in Pilot 9]s ratings.

157,

The results of the maneuvdr gradient variation for the two

Te THERL 4

ET USRS N SN

D SUCIICRC R

LB e AL DL

N BUSRIIN




Legend:

, ' < pitor3 —
] ¢ 2 in. Detlection s seens. wo s} Pitot &
¢ 7 ib Breakout — e coee o w0 e} PilO1 5
8 L A‘f'tO'Ground ------—-v Pilot §
--—---—-A P"Ol 10
. ’0 |
. 6
Pilot
Rating )
R A
- —f),
2 &
1 | | | ] 1 : ] ] | ] 1
0 2 4 . O 8§ 10 12 14 16 18 20 22 24
. Maneuver Gradient_ - Ib/deg ’

Figure 105. Pilot Rating vs Maneuver Gradient
Rudder Pedals  Fuselage Azimuth Aiming

‘

10 Legend:
. M 8.0 ib/deg
¢ 2in. Detlection
o s e = Y 20 101
* 7 Ib Breakout s

sk ¢ All’-'O—Gl’OUI’!d - o s s - an - 10 10 'b’m

---------o lmbldoo

GPa30088-178

— o e = = (Y 10 1D/d0g > Maneuver gradient

Y | |
Pilot . 2 | v ’ | A
- Rating . . °
. = e o Y s;ac
| ----‘-cwa-c——u’---v--¢-5
2 prae
2
NS TS TN NN NN (U MU B NN S N
0 2 4 5 8 10 12 14 18 18 20 22 24
Breakout - Ib s :
aP43.0000.70

Figure 108. Pilot Rating vs Breakout
Rucder Pedals ' Fuselage Azimuth Aiming -

R £ |

40

T

e i@ e e

.
o’

-t o

.'-".u‘." e
a2 I

LS
o a-a

. l_ .-
. L,
N

PO

A S IR ]
S

"".'Z'.“]‘ .
IRPURNIN I { IR

ey e

¢ e



An interesting trend was noted in the breakout variations
for Pilot 3. For this pilot, it appears that the influence of
breakout variations is highly dependent on the maneuver gradient
used. This pilot appears to be more sensitive to breakout as the
maneuver gradient is increased. Unfortunately, pilot scheduling
problems and a simulator hardware failure prevented further evalu-
2tizn at the 10 lb/deg maneuver gradient level. Except at the
extremes of 4 and 38 lb of breakout, Pilot 4 appears to be insen-
sitive to breakout variations.

The approach and landing/fuselage azimuth aiming results are
presented in Figure 107. The azimuth aiming mcde was used to
.maintain ‘fuselage orientation down the runway despite the neces-
sary crosswind corrections. This significantly reduced or elimi-
nated the large crab angles at touchdown that were evident in the
"wings level turn evaluations. With the two inch deflection
pedals, .satisfactory results were obtained over the range from 2
to 6 pounds per g. Pilot 7's ratings are viewed with some skepti-
cism since they are based on limited practice during task.develop-
ment evaluations. Pilot 14 indicated dissatisfaction with the
half inch pedal deflection. He indicated a general loss in preci-
sion of his control inputs. All configurations had an authority
of 6.7 degrees of pointing.

10 — ,
.« Approach and Landing : Legend: v
¢ 7 1b Breakout s = = ) Pitot 7 :
e, Pllot 12 > 2 in. deflection
8= O\ C " emem mawdd) Pliot 14
o ——=eine(y Pllot 14 12in. defiection -
6 ]
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Rating
4 -
| 1 ] ] i DTN BN ‘
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Figure 107. Pilot Rating vs Maneuver Gradient
Rudder Pedals - Fuselage Azimuth Aiming
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RUDDER PEDALS - AZIMUTH AIMING MODE RECOMMENUATIONS: . The
recommended ranges of values for this requirement are:

Breakout - between 1 and 7 pounds
Maneuver gradient - between 8 and 12 pounds per degree
Deflection . = no recommendation (see text)

When specifying chatactenstlcs for rudder pedals for this
mode, two ‘items must be remembered. The simulation evaluatlons
indicated  that a high "degree of prof1c1ency appears to be
required to use the mode. Also, .there again seems to be a defi-
nite relationship between breakout force and maneuver gradient.

Breakout forces are recommended to be between 1 and 7 pounds
as were the wings level turn requirements.. While this is not
totally supported by the data, it is proposed so as to be consis-
tent with the wings level turn requirements. This range of

values should not be overly restrlctzve or cause difficulties in
compliance.

Maneuver gradient should be between 8 and 12 pbunds per
degree based on the two inch pedal deflection data from the simu-

. lation. Based on the YF-16 <CCV information, cain scheduling

should be used to minimize variation in maneuver gradient with
flight condition. Note that the YF-16 CCV maneuver gradient of
11.11 degrees falls in the acceptable range. Pilot comments were
not strongly negative about the maneuver gradient, only the varia-
tion. Additionally, at least one pilot indicated that practice
would improve his ability to utilize the mode.

Deflection characteristics will not be specified. More data
is necessary before a requirement can be given. However, a value
cf 2 inches for the maximum .deflection is recommended based on
the simulation results. The use of some deflection was shown to
improve predictability of response. | Too much deflection was:
shown' to result in somewhat laggy r.esponse characteristics.

It is important to note that these requxrements are based
mainly on the simulation results. The mode response dynamics
were not varied. There is little or no data avaxlable to specify

fwhether ‘the simulation dynamxc.s are near optimum,

TWIST GRIP CONTROLLER -~ AZIMUTH AIMING MODE DISCUSSION: In
the controller simulation, the twist grip Wwas also examined for
application to control of the azimuth aiming mcde.- The
controller was examined in the air-~to-ground and approach and
landing tasks. o : g

The pilot rating data for the air-to-ground task is pre-
sented in Figures 108 and 109. The maneuver gradient variations .
are shown 1in' Figure 108. The most universally acceptable gra=
dient is at the 3.6 inch-pound per degree level. This controller

~was3 not as well liked as the rudder pedals. Several cases of

pitch and roll coupling were noted using this controller. the
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reader is referred back to the coupling discussion in the wings
level turn section for,a detailed examination of this phenomenon.
No definitive {rends were noted in the deadband variation shown
in Figure 109. As noted in the wings level turn discussion, the
best use of deadband is to reduce cross-axis inputs from the
conventional controller. ,

10 :
¢ Alrto-Ground Legend: -
* 0.48 in.Ib Deadband =——0 Fior3
sl _ ' — e ) P01
o\ oo w=A Pilot 10
6l Soeo .
Pilot . .
Rating ,
4}
o
! 1 ! 1 ]
o 1 ) 3 4 5 6
Maneuver Gradient - in.-Ibideg
. QP43-0008-73
Figure 108. Pilot Rating vs Msneuver Gradient
Twist Girip Sidestick  Frselaga Azimuth Aiming
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Figure 109. Pliot Rating vs Deadband
Twist Grip Sidestick  Fuselage Azimuth Aiming
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Pilot 12. examined the twist grip/azimuth aiming combination
in ‘the approach and landing task. The pilot rating results are
presénted in Figure 110. The resulting poor ratings are the
‘result of the pilot's inability to control the conventional
response  immediately prior to touchdown while holding in a twist
command. No acceptable pilot ratings were collected during this
~evaluation. ~

10
* Approach and Landing No flag - 0.72 in.ib deadband
8= , One flag - 4.8 in4b deadband
Two Flags - 9.8 in. b desdband

6~ &r o,
. Pilot . N
Rating -3 K 4 ' o

sl ]

2

| l |

0 1 2 3 4
: Maneuver Gradient - in.-ib/deg )

'

GP43-000047

Figure 110. Pilot Rating vs Maneuver Gradient
Twist Grip Sidestick  Fuselage Azimuth Aiming  Pilot 12 .

TWf[ST_LGRIP CONTROLLER - AZIMUTH AIMING MODE RECOMMENDATIONS:
The follow.ng values have been 1dentified as being potentially
acceptable for this mode/controller combination:

a .

Deadband -~ 5 inch-pounds

"High speed ' : -'betwéen 3 and 4 inch-pounds per degree
maneuver gradients . : , ©

" Low speed < no recommendation (see text)
maneuver gradients . ' ' ' '

‘Deflection , ‘- 8 deqgrees with solid st‘op‘a_
‘Note: ' Ranges of acceptable values could not be determined, -
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Typically, the twist grip was not as well liked as the
rudder pedals for control of azimuth aiming. For recommendations
on deadband and control grip shape the reader is referred to the
discussion in the wing level  turn sectiun. The discussion on
increased control deflection 1is also considered applicable to use
with the azimuth aiming mode. In the air-tp-ground task, the
preferred maneuver gradient was in the range between 3 and 4 inch-
pounds per degree. As in the rudder pedal case, it 1is recom-
mended that the variations of gradient with changing flight condi-
ticn be minimized. No recommendations are given for the apprcach
and landing task. 'The primary problem mentioned was the require-
ment to tightly grip the stick to make twist inputs, thus reduc-
ing sensitivity in the other control axes. A redesign of the
stick grip to facilitate twist inputs may reduce this problen.
Additional research is also needed to quantify the effects of
mode dynamics. ' ‘

» THUMB BUTTON CONTROLLERS - AZIMUTH AIMING MODE DISCUSSION:
Thumb button controllers for the azimuth aiming mode .were:
examined in the YF-16 CCV flight test program and in the con-
troller simulation. In the flight test report of Reference 46,
the authority in the air-to-air and air-to-ground tasks was
approximately 4.5 degrees. Maximum button input force was 3.1
pounds with ,a 0.11 pound deadband. The resulting maneuver
gradient was C.667 pound per degree. buring testing, elevation
aiming was usually present on the other axis of the bhutton. The
deadband in this uxis was also 0..1 pound. There is some mention
of button cross-axis ceupling in the pilot comments.. The azimuth
aiming axis was generally felt to be too sensitive. 'Also, since
the azimuth authority was twice the eleva.ion authority, there

‘was a lack of harmony between the axes. ~ In the air-to-air tasks,

the pilots generally indicated that the mode would best be imple-
mented as part of an integrated flight-fire control system’' with
the system determxnxng pointing inputs with the ava11able author-
ity llmlts.‘

In the controller simulation,” Pilot 10 evaluated ‘'the thumb
bytton Cuntroller for use. with the azimuth pointing mode. These

‘results ‘are. presented in Figure 1lll. As indicated, no acceptable

maneuver gradient could be found which had enough .authority to
accomplish the full task. It. is estimated that an acceptable
gradient may -occur somewhere beyond the one pound per degree
level. These results are easlily understood if the reader recalls
the pxlot techniques adopted by Filot 6 - in the wings level turn

evaluation. Pilot 6 indicated that the best use of the button

was as an on-off type command during the "azimuth aiming tasks

-saince it requires continuous commands. Based on these results,

attempts to control the azimuth aiming mode with ths controller
were abandoned. ' .
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Figure 111. Pilot Rating vs Maneuver Gradient
Thumb Button Controller  Fuselage Azimuth Aiming  Pilot 10

THUMB BUTTON CONTROLLER - AZIMUTH AIMING MODE RECOMMENDA-
TIONS: As in the case of thumb button control for wings level

turn, the use of a thumb . button to control azimuth aiming is
discouraged, particularly ‘in, the case of proportional control of:

aimipg angle.

S C. EQUIREMENT: LATERAL TRANGLATION CONTROLLER

Use. of the primary .iveral. translation controller snall not

require use of another control manipulator -to meet the ‘lateral

' . translation bandwidth requirement. ?#dditionally, the controller
- characteristics shall be: " co :

Breakout/Deadband: | .
Maneuver Gradient: :

Force/Deflection Characteristics:

|

DISCUSSION: The . requirement . for prohibiting the use of addi- ,
tional controllers to meet the bandwidth requirement was taken
from | Reference 68, Section 3.7.1 C). The characteristics

identified have been shown to have a definite' impact on pilat
acceptance of other control modes. The controllers examined in
this |section include rudder pedals, twist grip sidestick, thumb
‘buttons and a throttle mounted finger lever. : '
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RUDDER PEDALS -~ LATERAL THANSLATION NMOlE LDIZJZUSSICON: The
primary sources of 1Informatlon concerilas the . wse oL rudder

. pedals to contrsl lateral translaticn were heierences Ju, +=4 and
46 and the controller simulaticn.

In Reterence 44, twc types <f lateral translialicn ncles were
o

investigated in a " dive <Ccmbina  task. fesigin  Ccriteria were
derived for each mcde. ' The pilot comranced a rate of sidesilp
andgle change in the lateral translaticn - zn‘"ural (LI=1} mode.
"In. this mode the piizat ceommanded a lateral ccelieration. when
the 1input was removed, tne aircrait remalned at a constant

translation velocity. Tne response was much like a w.nys level
turn response in that the velocity vector couid be n~laced very
accurately, the difterence was the absence of any <change 1in
aircraft. headlng. Due tc the similarities, roushly the. same
controller sensitivities and mode authorities weré recomnmended.
The maximum recomwended maneuver gradient was 110 pounds per g
with the minimum gradient specified at 20U pounds per g. The

recommended design goal was 38.5 pounds per g and an authority of
1qg.

The. lateral translation - proportional (LT-P} mode examined
n.. Reference 44 was a sideslip angle command system with n

~change in aircraft heading. In this ;mode the piliot commanded a

sideslip angle. ‘When the command was removed, the sideslip angle
raturned to zero. Note that 1in the LT-I and LT-P modes an
advanced bombsight . was used which assumed the stores would
descend along the velocity vector. As a result, the pipper was
displaced laterally on the head up display whenever a sideslip
was present. The pilot's task was to place the pipper on target
and ‘maintain the  solution until the proper release conditions
were obtained. ©Once the pilot rolled out and began the dive, the

 target stayed essentially fixed on the forward field of 'view.

The pilots then moved the pipper to the target, using rate
commands in LT-I and displacement commands with LT-P. In the

-sense of putting the pipper on the’ target, the LT-P mode bears a
strong resemblence to the azimuth aiming mode.  The observed

results are remarkably similar. The maneuver gradient appeared
to be strongly related to the response dynamics. The response

"dynamics were characterized as second order in nature and design

requirements were spec1f1ed accordlngly. _The minimum recommended
maneuver gradlent was © pounds per degree when the damping ratio

.was less than 1.2. °'A maximum maneuver gradient of 17 1lb/deg' and
‘a minimum authority of 3 degrees was ‘also specified along with a -

0.5 g lateral acceleration authority.. The recommended design
maneuver gradients 'were 7° pounds_per dearee for damping greater
than 1.2 and 10 pounds per degree for damping less than 1.2. :'A
design guideline of 4.5 degrees. and 1lg lateral acceleration
capability was also recommended. . '

The YF-16 CCV flight test results cf Reference 46 indicate
that the translation mode was examined primarily in air-to-ground
weapon delivery tasks. - Approximately 4.5 degrees of sideslip
authority was available. The resulting pedal maneuver gradient
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was approximately 11 pounds per degree. Pedal breakout and dead-
band totalled 15 pounds. No serious comments were noted concern-
ing the pedal sensitivity. The overwhelming majority of comments
dealt with the slowness with which the response was achieved.
Additionally, once the desired translation had been made and the
input removed, the slow . response characteristics allowed the
plane to drift past tre desired flight path. One pilot adopted
the technique of using opposite commands to more rapidly stop the
aircraft when desired. Because of the slow response, the useful-
ness of the mode was questionable. S

The use of the rudder pedal/lateral translation mode was
investigated in the controller simulation. - The mechanization was
such that a sideslip angle proportional to pedal input was
developed at a fixed aircraft heading. A headwind shearing to a
crosswind and atmospheric turbulence models were used to excite
the aircraft. Pilot comments indicate that the lateral transla-
tion mode was somewhat confusing and not well liked by either of
the evaluation pilots. These comments are apparent in the pilot
rating data shown in Figures 112 and 113. Due to these problems.,
it is felt that no useful ' trends or recommendations can be
derived from these plots or the pilot comments in terms of con-
troller requirements. It is not clear what caused the problems.
One possible reason may be the combination of relatively slow
response combined with the constantly <c¢hanging requirements
imposed by the shear., 1t is recommended that future applications
of lateral translation in approach and 1landing tesks consider
wind shears in addition to steady crosswinds. :
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Figure 112. Pilot Rating vs Maneuver Gradient
Rudder Pedals' . Lateral Transfation
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Figure 113. Pilot Rating vs Maneuver Gradient
Rudder Pedals Lateral Translation
RUDDER PEDALS -  LATERAL TRANSLATION MODE RECOMMENDATIONS:
‘The recommended ranges of '‘values for this requirement are:
Breakout - between 1 and 7 pounds
High. speed - between 6 and 17 pounds per degree
maneuver gradient (for proportional control) .

between 20 and liO pounds per g
(for integral control) .

Ld‘{' speed : = none recommended (sec text)
maneuver gradient :

P .

Déflection . . - none recommended (see text)

Based on the _find'ings of the controller simulation, no recom-
mendations are given for maneuver gradient in the approach and

' landing task. However, it should be noted that if the mode is to

be used to cancel a steady crosswind, the maneuver gradient usced
for .a proportional mode must not result in prolonged high pedal
forces which may be objectionable to the pilot. Additionally, it
is recommended that future efforis consider the impact of wind-
shear on mode acceptability. . Co
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The maneuver dradient reguirements of Reference 44 are

adopted for air-to-ground use of lateral translation. These are:

- Proportional control modes

o 17 lb/deg Maximum
o 6 lb/deg Minimum

- Integral control modes

o 110 1b/g Maximum
o .20 1b/3 Minimum

The data of Reference 46 tend to support these guidelines.

Additionally, the recommended design goals are considered to be
adequate. ' ' - o

Breakout forces shall be between 1 and 7 pounds. While data
to support this is lacking, these limits are consistent with pre-
vious recommendations for rudder pedal controllers. The pedals
- used in Reference 44 were configured with a 7 pound breakout.

The problems noted with mode usage in Reference 46 cast some

doubt as to the impact of the 15 pound breakout on overall mode
acceptability. ' '

No requirements are given for controller deflection. The
pedals of Reference 44 had a maximum deflection of 2.5 inches.
As indicated in the wings level turn and ‘azimuth aiming sections,
the use of moderate deflections is felt to have s=ome benefit in
improving predictability of mede response.

TWIST GRIP CONTROLLERS - LATERAL TRANSLATION MODE DISCUS-
SION: Due to the lack of pilot acceptance of the translation
mode as indicated by the comments and ratings shown in Figure
" 114, no recommendations are given. The reader is referred to
previous discussion of this controller in the wings level turn

and azimuth aiming sections for discussions concerning deadband
and recommended deflection -characteristics.

THUMB BUTTON COLTROLLERS - LATERAL TRANSLATION MODE DISCUS-
SION: Lateral translation commanded by a thumb button controller
was examined in the YF-16 CCV flight test program (Reference 46). .
However, it is felt 'that mode response characteristics. may have
masked any serious controller deficiencies. In addition, based
on the comments on control coupling in the wings level turn and

azimuth aiming sections, wuse of this controller is not
recommended. ' '
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Figure 114. Pilot Rating vs Maneuver Gradient
- Twist Grip Sidestick  Latera! Translation  Pilot 12
FINGER LEVER CONTROLLER = LATERAL TRANSLATION MODE DISCUS-

SION: A finger operated lever mounted on the throttle grip of an
F-8 was examined as a lateral translation controller in Referen
42. The controller was operated by ‘the tip of the left band
. index finger. A complete description of the contrcller is given
in cthe report. The evaluation task was approach znd landirng. No
reconmendatlons are given here since it is felt that . delays in
the response characteristics of ' the mode probably masked the
controller characteristics. It is lnterestlng to note that the
pilots did not object to 2 throttle-mounted controller.

d. RE;‘UIREMENT: VERTICAL PATH CONTROLLER

Controllers for vertical path control shall meet t:he follow- ‘

ing requi rements.

o Bteakout/Deadband~
0 Maneuver Gradient:
o Forc“/Deflectlon Charactenstzcs. ,

ll

DISCUSSION: Th].s requirement is° included for completeness.

There is little supportmg data to generate recommendations. The -

chara»tenstzcs stated in the requirement have been identified- as
important in successful ).mplementatxon of other controllers.
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The majority of available data comes from reference 46, the
F-1l6 CCvV flight test program. Potential uses for the verticail
path control mode were identified im both air-to~air and air-to-
ground tasks. However, a review of the reference tends ‘to
indicate that use of a stick-mounted thumb button controller
detracted - from tke mode evaluations. Cross—-axis coupling
problems were noted when a lateral CCV mode was avail. ble on the
button. Problems were also noted in using the thuvmnb button in

conjunction with simultaneous pitch inputs, particularly elevated
sidestick force levels.

These problems are not apparent in the discussion of verti-
" ¢cal path 'control (direct lift) presented in Reference 74. The

twist grip throttle was used for mode . control. The reference
indicates the pilots could quickly and smoothly use direct lift
to kring the wvorb impact point into the target during bomblng
tasks. The transition between twist throttle control and conven-
tional stick was apparently quite easy. This indicates the
benefit of removing additional control tasks from the conven-

tional controller as noted in previous discussions for other
controller/mode combinations.

e. REQUIREMENT: FUSELAGE ELEVATI N AIMING CONTROLLER

Controllers for fuselage elevatlon aiming control shall meet
tne following requirements:

o Breakout/Deadband:
, © Mapreuver gradient: :
o Force/Deflection Character1st1cs.

DISCUSSION: This requirement is included for completeness. The
characteristics identified in the requirement have been found
- important to successful 1mplementatlon of other controller/mode

combinations. However, there is 1little supportlng data to
generate recommendations.

'?he,F-16 CCV Flight test program (Reference 46) provides the "

majority of available information.

path control discussion, potential uses for the elevation aiming
(also 'identified as pitch poéinting or elevation pointing) mode
were identified by the pilots. A review of the pilot comments in

As indicated in the vertical

the reference indicates that in air-to-air tracking it was diffi-

cult to simultaneously command pointing inputs from 'the th .b
button controller and conventiocnal pitch inputs from the side-
stick. Most evaluations appear to have resulted 'in limited use
of the  mode or application of full nose up pointing command with
prlmary tracking done. us1ng the conventional = sidestick. The
primary use for the mode in air-tdo-ground tasks was in increasing
clearance altitude during .strafing runs. Two techniques, were
examined. One involved applying full nose down command ar then
using conventional sidestick control. = The pilots found it uncom-
fortable to hold the button input and move the stick. The other.
method involved establishing a dive path aiming above the target
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and the use of the elevation aiming in a continuous fashion to
maintain the pipper on the target. This technique worked fairly
well and was better appreciated by the pilots. Control sensiti-
vity seems to have been satisfactory. The controller character-
istics are estimated to have been 1.2 pounds per deyree maneuver
gradient with a 0.11 pound deadband. The maximum button inpuc
force was 3.1 pounds and the estimated authority was 2.5 degrees,
Note, however, that .cocupling problems were still observed on
several runs when an additional mode was available on the button
lateral axis. -

The AFTI/F-16  pointing mode evaluated in the air-to-air
tracking task was an integral mode. The flignt test results are
reported in Reierence 74. In this type of control implementa-
tion, the pilot's input commands a pointing angle rate of change.
The discussion in the reference indicates .that the pilots felt
the, maximum rate of 2 degrees per second was too slow. Addition-
ally, they would have 1lixed more pointing authority. The twist
throttle was  used as the pointing controller. The reference
indicates the pilots felt it was difficult to integrate pitch
stick and throttle twist simultaneously against a dynamic target.
However, the 'pilots indicated that, through training, satisfac-

tory results. could be obtained. The reference also states that

some pilots felt a pointing angle command system might be prefer-
able to the pointing rate command system tested.

f. REQUIREMENT: VERTICAL TRANSLATION CONTROLLER

Controllets for vertical trauslation shall meet the follow-
ing requirements: :

o Breakout/Deadband: .
0 Maneuver Gradient: S '
‘0 Force/Deflectlon bharacterlstlcs.

DISCUSSION: The usé of wvertical translation for control of"

flight path has .been examined in a number of studies. In many of

.these studies, the translation was ©ften 'commanded ‘from the
conventional pitch axis controller, either in a blended fashion
or with the 'normal function disconnected. For these applica-
' tions, the requirements for the conventicnal contrcller -shall
apply.. - Maneuver gradient values should then be examined 1in
ground-base and in-flight tests to provide reasonable control
sengitivities, ' E '

Several studies have eramined the control of vertical
translation from manipulators .other than conventional control-
lers. However, in gerneral, there is insufficient data to develop
specific requirements. In. the following discussion several
controllers will be ‘examined tor their acceptability to the
~evaluation pilots. ' :
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THUMBWHEEL CONTROLLERS - VERTICAL TRANSLATION MODE DISCUS-
SION: References 36, 37, 38 and 39 examined thumb whecl control-
Ters for use in carrier approach and landing tasks. In all
cases, the results indicate an improvement in flight path control
capability near touchdown. Three of the studies, Peferences 36,
38 and 39, examined the use of the thumb to make on-off (or
"bang-bang") type control inputs in which full up or down or off
were the only inputs available. 1In all cases, this was found
inferior to proportional control using the thumbwheel. However,
it was noted in all studies that the pilots tended tc make on-off
type inputs with' proportional control. This may be due to some
perceived optimal control technique developed by the pilots, who
also wanted the ability to make fine, proportional inputs avail-
able. The thumbwheel used in the Reference 38 and 39 evaluations
of an F-8 aircraft was mounted cn the left side of the center-
stick control grip. Rotation was about a horizontal axis. The
thumbwheel was spring loaded to center and had +30 degrees of
rotation available. Control authority was approximately 0.12 g

upward and 0.1 g downward. No adverse comments for the control-
ler installation were noted. ‘ '

THUMB BUTTON CCNTROLLERS -~ VERTICAL TRANSLATION MODE DISCUS-
SION: T Thumb button control of vertical translation was examined
in the YF-16 CCV flight test program reported in Reference 4€.
The pilot comments on use of the mode in the air-to-ground task
were mixed and inconclusive with the mode only being used in a
skip bombing task. Flight path angle changes of +2.5 degrees
‘were available;. howvever, it is. felt that the relatively slow

response characteristics probably overshadowed the controller
characteristics. ' :

HEAVE AXIS CONTROLLER = VERTICAL TRANSLATION MODE DISCUS~-
SION: A heave axl1s was 1incorporated 1n the sidestick used 1n the
controller simulation. Limited evaluations of its use in control-
ling vertical translation in the approach and landing task were
conducted. - Pilot acceptance of the controller was poor. One
pilot in particular complained of coupling between conventional
" pitch inputs and heave inputs, particularly during flare,

Further testing would be required to -develop . specifications.
" However; based on the available 1n£ormatzon,»use of this type of
controller is not recomme nded.,

TWIST THROTTLE CONTROLLER - VERTICAL TRANSLATION MODE

. DISCUSSION: A twist grip throttle aimilar to the controller
. ‘employed in AFTI/F-16 was used in limited evaluations of- vertical

‘translation in the approach and 1landing task of the controller

simulation. Exact characteristics tested are unavailable and.

would be of limited use due to the small number of evaluations.

AThis controller was highly accepted by both evaluation pilots who

examined. it. Both pilots felt the controller was natural and an

improvement - over adding an additional control axis' to the

conventional controller. Benefits in reduced touchdown point
- dispersion’ and finer control of sxnk -rate at touchdown
predzcted by both pllOtSr
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In the discussion of the ‘flight test results  of the

AFTI/F-16 presented in Reference 74, there is no mention of pilot
acceptance of the twist throttle for this mode. The majority of
pilot comments seemed to deal with problems in mode implemen-
tation. ' C :
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SECTION VI
CONCLUSIONS AND RECOMMENDATIONS

The primary purpose of this effort was to develop design
guidelines for controllers for uncoupled aircraft motion. The
guidelines presented here apply not only to uncoupled motion
controllers; many of them can be extended to the design of any
cockpit controller. The gualitative requirements presented in
Volume 1 and the observations made during the scimulation pre-
sented in Volume 2 are felt ‘to define many of the basics involved
in controller design. "Additionally, the quantitative require-

ments presented in Volume 1 glve some guidance based on past
controller 1mp1ementat10ns.

However, there 1is a chortage of data pertaining to the
design of controllers for uncoupled motion. The simulation
results presented . in Volume. 2 illustrate the impact controller
characteristics can have on the acceptability of fixed response
dynamics. It is probably true that response dynamics can have an
effect on the acceptability of a fixed set of controller charac-
teristics. Further resea.ch is reguired to quantify the impact
of response dynamics on controller requirements. = One area not.
addresséd by this effort is the impact of controller dynamics on
pilot opinion. Every contreoller examined can bhe characterized as
a spring-mass-damper system. The best that can be said at this
pcint 1is the controller dynamics shall not be Jdetrimental to

. pilot acceptance of a configuration.

Future high authority systems will require the use of non-
linear maneuver gradients to allow . efficient implementation.
Current research has shown that non-linear gradients can enhance
the precision of many respoases. The use of digital computers in
advanced flight control systems makes implementation of
non-~linear conmand gradients relatively straightforward. ' Guide-

iines for the shaping of non-linear gyradients .remain to - ke
developed. - ' '

The integrétion of automatic and manual flight control also
needs to be examired in more detail. The results of several

.studies' indicate the fuselage 'pointing modes should be an auto-

matic feature of an integrated fire/flight control “system. Are
there other modes which would be beneficial as part of an auto-
matic system? Those areas requiring manual ' countrol must be
defined 'and specific techniques for mode usage nust be investi-
gated. ' Benefits have been obsgserved for different modes in
different tasks, but the impact on total mission capability
remains to te defined., :

Many ‘of these ,areas can be addressed by ground-based simula-
tion. However,'ever*ually flxght testing is required. in-flight
evaluation ‘provides the .pilot with many cues as well as a dif-
ferent mental attitude than can be developed ‘in a ground-based
simulator. Many of these problems may . be addressed by further

~test1ng using the AFTI/F-IG and future xn-flxght sxmulatora.
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